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Abstract 
 
Mechanical properties, deformation and material removal characteristics of two II-VI 
semiconductor compounds, mercury cadmium telluride (HgCdTe) and cadmium zinc telluride 
(CdZnTe) single crystals were investigated by the use of indentation, scratch and single point 
diamond turning. Indentation testing have shown that the average values of elastic modus and 
hardness of HgCdTe are 39.7 and 0.55 GPa, respectively, while for CdZnTe, those values are 
39.4 and 0.76 GPa, respectively. Fracture toughness estimated by the direct measurement of 
crack induced by indentation for HgCdTe and CdZnTe are 0.203 and 0.218 MPa-m
1/2
, 
respectively. Scratch testing shows removal mechanism of the two compounds specimens varied 
from plastic deformation to micro-fractures when the penetration of the tip increased. The tip 
penetration was dependent on the normal load, and varied between these two specimens. The 
diamond turning experiments have revealed that there exists a threshold value in depth of cut that 
is responsible to the transition from ductile to brittle removal mode during the cutting of HgCdTe 
specimen. The measured critical depth of cut is between 1.5 to 2 m. The threshold value for 
CdZnTe specimen was not shown clearly on the machined surface as the HgCdTe specimen, 
however, investigation on the cutting chips showed mixed chips forms of ductile and brittle 
cutting chips were revealed when the depth of cut is 0.1 m. These two results are in close 
agreement with the critical value that predicted by the Bifano model. 
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P indenter load (force) 
MCT mercury cadmium telluride, HgCdTe  
 coefficient of friction 
Ra average surface roughness 
v Poisson’s ratio 
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Chapter 1 
Introduction 
Chapter 1: Introduction 
II-VI semiconductors are highly important materials with a wide range of applications in high 
end radiation detectors, infrared detectors, medical imaging devices and solar cell [1-4]. These 
materials have a relatively low hardness, i.e. ‘soft’, but exhibit significantly high fragility during 
handling and machining, i.e. ‘brittle’, so they are branded as ‘soft-brittle’ materials [5-7]. Despite 
their increasingly more widespread usage in recent years, the deformation and removal 
mechanism of this category of materials are not well understood, which greatly hinders the 
development of cost-competitive machining processes for such materials [5]. 
  
1.1. Important applications of soft-brittle materials 
II-VI compound semiconductors, such as cadmium telluride (CdTe), cadmium zinc telluride 
(CdZnTe) and mercury cadmium telluride (HgCdTe), are the most promising materials for 
radiator detectors with excellent energy resolution, high detection efficiency and capability of 
room temperature operation [3, 4]. CdTe is used in tandem-junction solar cells that significantly 
enhance conversion efficiency in thin-film photovoltaics, while CdZnTe single crystals are 
widely used for the making of room temperature x- and - ray detectors, photo-detectors and 
medical imaging devices [2, 4]. HgCdTe has been inspiring the development of modern infrared 
detectors [2, 3]. The combined bilayer system of CdZnTe/HgCdTe forms the core component of 
new-generation infrared devices. Other applications of soft-brittle semiconductors include 
sensors for detection of structural fatigue, failures at nuclear power plants, chemical and 
biological toxin detection for homeland security and pollution monitoring, infrared and x-ray 
imaging for medical diagnosis [3-5] and defence uses in unmanned aerial vehicles, precise 
targeting devices and track-and-kill missiles [5]. 
 
1.2. The research needs 
Soft-brittle II-VI semiconductors normally have covalent and ionic bonds co-existing in their 
crystal structures [3]. The mechanical properties of the binary compounds originate primarily 
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from the weak covalent-ionic bonding of II-VI elements. The introduction of third elements, for 
example, adding Zn and Cd into Cd-Te and Hg-Te lattices to form CdZnTe and HgCdTe ternary 
compounds, respectively, further weakens the bonding [3]. These compounds normally have 
zincblende crystal structure and, are thus ‘soft’ (with indentation hardness below several GPa), 
but ‘fragile’ or ‘brittle’ [8, 9]. The crystals are normally grown as ingots using the Bridgeman 
process [2, 3]. The ingots are then machined into thin substrates with high surface integrity by 
slicing, grinding, polishing, chemical and mechanical polishing and chemical etching before they 
can be used in devices. The surface quality requirement for the substrates is as tight as that for 
silicon wafers [10], i.e. mirror surface finish and damage-free subsurface. Surface roughness, 
crystallographic defects such as dislocations and stacking faults, and microcracks that maybe 
generated in the machining processes, would substantially affect the optical and electrical 
performances of devices [11, 12]. 
 
The peculiar material property of softness and brittleness poses great challenges for grinding and 
cutting, because damage is easily formed on the machined surface and subsurface [13]. Such 
damage would lead to device failure. This is a major factor contributing to the high fabrication 
cost and hence limited applications [5]. Therefore, the ability to machine the substrates would be 
of critical significance both for making soft-brittle II-VI semiconductor based devices cost-
effective. To develop a cost-competitive process for machining high quality substrates of soft-
brittle materials, the key issue is thus to minimize surface and subsurface damages generated by 
cutting or grinding and mechanical polishing while maintaining efficiency. To realize this, a 
complete understanding of the deformation and removal mechanisms of soft-brittle 
semiconductors involved in mechanical machining is essential. 
 
 1.3. Current status of research 
The previous studies of soft-brittle semiconductors focused on growth, crystallography, electric 
and optical properties and application feasibilities [2-4, 14-16]. The studies on mechanical 
behaviours have been confined to the measurement of hardness and elastic modulus [2-4]. Little 
has been reported on the machining-induced deformation and removal behaviours [16-19]. 
Moreover, the reported hardness of CdTe, CdZnTe and HgCdTe varies from several hundred 
MPa to several GPa [3]. Although the materials are labelled as very ‘brittle’, little information on 
their fracture characteristics was reported and their fracture toughness is not available in the 
literature. Recent research [20] investigated the effect of deformation induced by uniaxial 
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pressure or indentation loading on the formation of defects in Cd(S, Se, Te) compounds and 
revealed that the compounds underwent plastic deformation at indentation loads well below the 
threshold for cracking. Pressure-induced phase transitions were observed in CdZnTe crystals 
[21]. The critical hydrostatic pressure value that triggered the transition from zincblende phase to 
rocksalt phase was found to rise with the increased addition of Zn [21]. As mentioned earlier, 
CdTe, CdZnTe and HgCdTe crystals are known to be extremely fragile during machining [5], 
and the studies concerning the machining of II-VI compounds revealed that these materials were 
susceptible to microfracture during grinding and polishing [5, 9, 13], however, the deformation 
and removal mechanisms of the soft-brittle materials proposed appeared inconsistent. 
Apparently, a systematic understanding of the deformation and removal mechanisms of soft-
brittle materials is lacking. 
 
1.4. The goals of this thesis 
The goal of this thesis project is to understand the deformation and removal mechanisms of soft-
brittle materials using the representative compounds, i.e. CdZnTe and HgCdTe single crystals. 
The specific aims are to: 
 understand the deformation and removal mechanisms of soft-brittle materials in mechanical 
machining, such as grinding and cutting, 
 determine the interactions between deformation and removal responses,  
 comprehend the interaction between the machining processes and the deformation and 
removal behaviours, and thus 
 develop the diamond cutting technology for soft-brittle materials.  
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Chapter 2 
Literature Review 
Chapter 2: Literature Review 
II-VI semiconductor compounds, such as mercury cadmium telluride (HgCdTe) and cadmium 
zinc telluride (CdZnTe), sometimes claimed to be the third generation of important 
semiconductor materials after silicon (IV) and gallium arsenide (III-VI); possess a much lower 
hardness, but at the same time exhibit significantly higher fragility [3] compared to silicon. This 
category of materials is nicknamed ‘soft-brittle’ solids. These II-VI soft-brittle solids are 
important materials for optoelectronics and photonics applications [1, 2, 4, 22] since they possess 
high structural quality and display good electron transport [20]. For example, HgCdTe is the 
most important material for infrared light detector applications (wavelength of 1-30 m), due to 
the tunability of its band gap over the 0-1.5 eV by adjusting ratio of HgTe and CdTe 
compositions in the compound [23]. HgCdTe has also inspired the rapid development of infrared 
detector devices [3, 4, 19, 24]. In the other hand, CdZnTe has been used widely as an important 
material for room temperature radiation detectors, photo-detectors, and medical imaging devices 
[2, 3]. CdZnTe has also been used as the main substrate for epitaxial growth of HgCdTe due to 
the good lattice match between these materials [25]. Thus, these compounds of semiconductors 
are increasingly becoming important materials for the mentioned applications, despite difficulties 
in handling these wafers due to their fragility.  
 
Surface quality and integrity of the wafers have been reported to significantly affect the final 
device performance [26]. Great effort has been expended on studies focusing on the crystal 
growth stage to improve the quality of wafers. However, to date, only a few studies have been 
conducted on the deformation characteristics and removal mechanisms of such soft-brittle 
materials [6, 13]. Despite limited success in processing HgCdTe and CdZnTe wafers in terms of 
surface quality, the machining of these specimens remains an ‘art’ with the fabrication process 
typically evolving via ‘trial-and-error’. It is thus essential to thoroughly understand the 
deformation and removal mechanisms of soft-brittle materials, and also the importance of their 
mechanical properties during mechanical processing, which would lead to a breakthrough in 
creating efficient and effective processing technologies for these materials. 
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2.1. Mercury cadmium telluride 
Mercury cadmium telluride (HgCdTe) is a semiconductor alloy of cadmium telluride (CdTe) and 
mercury telluride (HgTe). HgCdTe is representative of II-VI semiconductor compound, and are 
increasingly used in the fields of opto-electronics, such as in infrared detectors [4]. During past 
four decades HgCdTe has been the most important semiconductor for infrared photodetectors, 
due to three key features [23]; tailorable energy band gap over the 0-1.5 eV, large optical 
coefficient that enable high quantum efficiency, and ability to work over a wide range of 
temperatures, such as from that of liquid helium to room temperature. Other advantages of 
HgCdTe are the ability to obtain both low and high carrier concentrations, high mobility of 
electrons and low dielectric constant [4]. The extremely small change of lattice constant with 
composition makes it possible to grow high quality layers and heterostructures. However, there 
are some disadvantages of this material, such as a weak bonding between Hg and Te atoms; this 
bonding is even further destabilized by being alloyed with CdTe, which results in bulk, surface 
and interface stabilities and uniformity [4]. Nevertheless, HgCdTe remains the leading 
semiconductor for infrared detectors.  
 
Two major growing techniques for HgCdTe are bulk crystal growth and epitaxial growth. Bulk 
crystal growth involves bulk re-crystallization of a liquid melt, and is the main growth method 
used since the late 1950s. Bulk growth produces thin rods, of 15 and 200 mm diameter and 
length, respectively, with non-uniform distribution of alloy composition. The bulk crystal is then 
sliced and processed to get the final device thickness. This further processing involves many 
fabrication steps, such as polishing the wafers, mounting them into substrates, and polishing 
them into the final device thickness. These steps are labour intensive, very challenging and 
expensive to be employed.  
 
In comparison to bulk growth techniques, the epitaxial growth produced a highly pure and 
crystalline HgCdTe. The epitaxial techniques also offer large areas and sophisticated structures 
with abrupt and complex composition and doping profiles that can be configured to improve 
photodetector performance. Thus, epitaxy is the preferred technique to obtain device-quality 
HgCdTe for infrared devices [27]. There are various epitaxial growing techniques are reported, 
such as liquid phase epitaxy (LPE), which is the most mature method, enabling growth of device 
quality homogenous layers and multilayered structures. However, the LPE growth process must 
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be performed at relatively high temperatures. Recent efforts on low growth temperature 
technique are vapour phase epitaxy (VPE), metal organic chemical vapour deposition (MOCVD) 
and molecular beam epitaxy (MBE). In this technique, HgCdTe was fabricated by epitaxy on 
substrate materials, such as CdTe, CdZnTe, Si, Ge and sapphire. However, the epitaxial growth 
has inherent problems pertaining to surface flatness, in that non-planar surfaces are formed 
during the growth [28-30]; also, any imperfection in the alloy substrates strongly affects the 
quality of HgCdTe epilayers deposited on the substrates, and play a role in limiting the 
performance of the material [4, 12, 31]. Of these many growth techniques applied to HgCdTe, 
current research on this material is mostly sourced from accelerated crucible rotation techniques 
(ACRT), also known as the Bridgman method. ACRT was developed as a modification of the 
Bridgman process [3]. The modified Bridgman method is able to maintain uniformity of the 
compound ratio and has the ability to grow a crystal to 70 mm in diameter as shown in Figure 
2.1. 
 
 
Fig. 2.1 Comparison of sliced HgCdTe crystals in various diameters [3] 
 
 
Mechanical properties, such as hardness, were reported be affected by the ratio of the alloy 
composition. Figure 2.2 shows increased hardness with increased ratio of CdTe [18, 19, 32-35]. 
The studies conclude that HgCdTe is a soft brittle material with an average hardness value of 
much less than 1 GPa, far lower than widely-used abrasive materials for polishing processes, 
such as CeO2, Al2O3 and SiO2, where the hardness of those abrasive materials are 7, 11 and 12 
GPA, respectively. Therefore, those abrasive materials are not suitable for machining HgCdTe. 
Otherwise, embedding on the machined surface will occur, significantly decreasing surface 
integrity and finished dimensional accuracy [36, 37].  
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Fig. 2.2 Hardness of HgCdTe wafers in various alloys composition [38]. 
 
HgCdTe is very challenging material for these mentioned applications due to its fragility. 
Therefore, HgCdTe manufacturers have a limitation in dimension of their final product. A 
leading manufacturer, Spitfire Semiconductors Ltd, a manufacturer of a single grain HgCdTe 
material, can only commercially produce HgCdTe wafers with dimension limited to diameter 
and thickness of 15 mm diameter and 500 m thickness [39]. Machining this material to achieve 
the desired flatness and dimensions, while maintaining high quality surface and subsurface, is 
also difficult due to the soft and brittle nature of this material.  
 
2.2. Cadmium zinc telluride 
Cadmium zinc telluride (CdZnTe) is also a representative of II-VI semiconductors. CdZnTe is a 
compound of cadmium, zinc and tellurium, or an alloy of cadmium zinc (CdZn) and zinc 
telluride (ZnTe). CdZnTe was claimed as the most promising material for room temperature 
radiation detectors [40, 41]. Unlike other room temperature detectors such as germanium, a 
detector device made of CdZnTe wafers does not require a cooling system during operation. This 
material has been used in various applications, such as infrared detectors, electro-optic 
modulators and solar cells. CdZnTe has unique properties, such as wide direct band gap, high 
resistivity, and good charge transport properties [41-43]. This material is also known as an 
inspiration for the rapid development of third generation semiconductors [2, 15]. The wide direct 
band gap, which is known to be large enough for high resistivity and low leakage current, is also 
small enough so that the electron-hole ionization energy is small [2]. As HgCdTe, the band gap 
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of CdZnTe is also tuneable for specific applications, where the band gap can be varied by 
adjusting the Zn concentration on the melted compound, hence the CdZn compounds percentage 
[15]. 
 
The CdZnTe compound has been commonly used as the substrate material when growing 
epitaxial layers of mercury cadmium telluride (HgCdTe) wafers [25, 44]. This is mainly due to 
its advantages, such as infrared transparency and superior lattice matching to the HgCdTe 
epilayers compare to other materials, such as silicon and gallium arsenide [5, 8, 45]. Single 
crystals of CdZnTe can be produced by various growing process, such as the high pressure 
Bridgman method, the modified Bridgman method and vapour phase transport techniques [2]. 
Figure 2.3 shows typical CdZnTe ingot that was produced by the high pressure Bridgman 
method and low pressure vertical Bridgman method. 
 
 
Fig. 2.3 Images of as-grown CdZnTe ingots that was grown by (a) high pressure and (b) low 
pressure Bridgman methods [2]  
 
The mechanical properties of CdZnTe wafers have been widely studied [7, 8, 37]. Those studies 
show that the CdZnTe wafers have hardness less than 1 GPa, which is much lower than widely-
used abrasive materials for polishing process. Compounds of CdTe and ZnTe were reported as 
having hardness values of 0.5 and 0.7 GPa, respectively [1, 34]. The hardness of CdZnTe wafers 
is also dependent on its chemical composition, as determined by the percentage of ZnTe alloy in 
the compound [32, 34], as shown in Figure 2.4. The solid line in the figure shows the variation of 
hardness in various Zn compositions, where the dashed-line represents a linear interpolation of 
hardness between CdTe and ZnTe compounds, while the circles show experimental data from 
(a) (b) 
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the micro hardness tester. The optimum hardness of 1.5 GPa was occurred in the range where the 
composition of Zn is around 60%.  
 
 
Fig. 2.4 Hardness of CdZnTe wafers in various alloys composition [32] 
 
Surface quality requirement for device made with CdZnTe wafers is as high as other single 
crystal devices, such as silicon. Thus, the follow up fabrication process (such as those used for 
wafers of hard and brittle materials such as silicon and gallium arsenide) like mechanical 
polishing and chemical polishing are needed after the CdZnTe ingots are cut by wire sawing. 
However, the unconventional material properties of soft and brittle of CdZnTe wafers creates a 
challenging topic of study to establish a ‘one-step’ fabrication process involving ultra-precision 
grinding. 
 
2.3. Finished product requirements 
For device applications, the grown ingot must be machined into thin substrates with high 
precision and excellent surface integrity, similar to the fabrication of silicon wafers, and there is 
a great demand for these in high energy applications. The techniques for growing large volume 
of crystal HgCdTe and CdZnTe have been significantly improved in recent years, therefore 
allowing the manufacture of HgCdTe and CdZnTe based devices with greater thickness and 
surface-area dimensions. However, large area detectors are still uncommon and challenging, and 
the primary limiting factor for the realization of large size detectors is the quality of the surface. 
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The quality requirement is as stringent as for other semiconductor wafers [10, 46, 47] and 
precision mould inserts [48]; a mirror surface finish, relatively flat surface and damage-free 
subsurface are essential. Microcracks or even crystallographic defects, such as dislocations, 
would affect the optical and electrical performance of devices [11, 12, 16, 49]. In addition to 
those characteristics, specific mechanical and physical properties of the material are required for 
the realization of high-performance detector applications, such as defect-free surfaces with 
acceptable cross sectional form, optimum thickness, homogeneity and low defect density on 
subsurface. Surface flatness and damage free surface and subsurface of these soft and brittle 
semiconductors have been reportedly have significant affect to device performance [26, 50-52]. 
Excellent surface flatness of HgCdTe and CdZnTe wafers is critical for fabricating large infrared 
focal plane arrays (IRFPAs). The focal-plane array (FPA) is an image sensing device consisting 
of an array, typically in rectangular shape, of light-sensing pixels at the focal plane of a lens. 
FPAs are normally used as imaging devices, where the wafers are the common material to be 
used as the sensing device for this application [28, 53, 54]. These requirements are closely 
correlated with the electric field distribution on the detector device. Figure 2.5 shows the effect 
of surface treatment, on one of the critical parameters, which is the electric field distribution, of a 
CdZnTe based detector device. This figure shows distribution of x-ray spectrum on the ‘fine-
treated-surface’ (good) and ‘rough-treated-surface’ (bad). Non-uniform responses with 
significant loss of signal amplitude are shown by the ‘bad’ detector. A slow response on the 
device is an indication of drifted electrons [26]. Thus, surface treatment is a necessity for these 
semi-conductor materials. 
 
 
Fig 2.5 Two dimensional distribution of x-ray spectrum on (a) ‘good’ and (b) ‘bad’ detectors of 
CdZnTe wafers  [26]  
 
(a) (b) 
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Soft and brittle single crystals of HgCdTe and CdZnTe are usually produced using tspecially 
design growth process for alloys [3, 4]. This process is considered more complicated than silicon 
wafers, thus the cost of producing these soft-brittle materials is more expensive than silicon. The 
growth itself has inherent problems pertaining to surface flatness, in which non-planar surfaces 
are formed during the growth [28, 29]. Imperfections in the alloy substrates strongly affects the 
quality of the final product and play a role in limiting the performance of the material [4, 12, 31]. 
There are some types of morphology defects on the surface, such as micro-steps, terrace/step 
structures and cross-hatch patterns. It is reported that a thin oxide/carbon contamination layer is 
found on the as-grown surface [29, 55, 56]. Figure 2.6 shows the types of morphology defects 
due to the growth of these wafers. 
 
  
Fig 2.6 Morphology of defects that found on grown wafers, such as (a) terrace/steps structure 
and (b) cross hatch [55] 
 
A series of finishing process are employed to achieve the requirements of the final device. The 
soft and brittle nature of HgCdTe and CdZnTe makes machining of the device becomes very 
challenging [2, 8, 26]. Conventional machining methods such as turning, milling, drilling and 
grinding, would remove material in a brittle removal mode, enabling higher removal rate on but 
resulting in poor quality surface and subsurface finish.  
 
2.4. Current studies of surface improvement of soft-brittle materials 
2.4.1. Chemical lapping and polishing 
Chemical mechanical polishing (CMP) was introduced more than 20 years ago [57, 58], and has 
been used as the conventional machining method for soft and brittle materials to obtain a suitable 
the finished surface. Free abrasive particles, such as fine magnesium oxide and alumina powders, 
(a) (b) 
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and followed by chemical etching, were used to obtained the smooth surface [11, 59, 60]. Good 
results were reported when employing extremely fine particles with relatively little size 
distribution. However, due to the soft and brittle nature of HgCdTe and CdZnTe, the abrasive 
were easily embedded on the surface and could not be removed easily, even by polishing, and 
scratches were left on the surface. Chemical etching was ineffective in removing the embedded 
particles, and pits were created on the surfaces if those particles could be removed. Etching is 
only able to remove fine scratches from the surface [8, 55, 61], leaving deep scratches behind. 
Figure 2.7 shows the reduction of scratches on the surface after machining. 
 
 
  
Fig.2.7 SEM micrographs of HgCdTe surface following free abrasive lapping using alumina 
powder of (a) 3 and (b) 0.05 m. Majority of not-so-deep scratches shown at (a) were removed 
following lapping with finer abrasive powder 
 
 
Another common process that is often employed at the finishing stage is chemical etching. 
Etching with a Bromine-based solution is quite commonly used, and effective in removing any 
surface defects. Figure 2.8 shows surface morphology following this chemical etching in Br-
MeOH showing the bright parts, which were associated with formation of tellurium (Te) 
particles. Such a defective surface is undesirable as it may contain a high density of fixed 
charges. The studies resulted in RMS surface roughness to up to 1 nm, and up to 500 Ǻ of 
material was removed. The extra Te on the surface was claimed could be removable by CMP 
processing [11, 55, 60-63]. However, no surface flatness and subsurface integrity were observed 
from the use of this method. The removed volume of material when using this method was not 
easily controllable and would result in a decrease in dimensional accuracy. Furthermore, 
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protrusions on the surface, due to extra deposition of Te during etching were identified, and extra 
processes are required to remove them.  
 
 
   
Fig. 2.8 AFM images of HgCdTe surface following chemical etching in Br-MeOH for (a) 5 and 
(b) 10 minutes 
 
Published work shows good results were achieved after CMP, such as  reduction in a total 
thickness variation of 0.2~0.4 m, removal of 500 Å material and resulting surface roughness 
(Ra) of around 8~9 nm if not better [8, 55, 64]. However, this method has some disadvantages, 
such as low removal rate, poor dimensional accuracy, extra process in cleaning embedded 
foreign materials on the surface and cost. Due to these disadvantages of CMP on machining 
HgCdTe and CdZnTe wafers, many studies have been conducted to find alternative methods. 
 
2.4.2. Ultra-precision grinding 
Grinding has been considered as efficient method in material removal, due to its ability to 
remove material at relatively higher rates than other conventional machining. Ultra-precision has 
been used recently in investigations of surface improvement, a damage-free surface and 
subsurface of HgCdTe and CdZnTe single crystals. Previous studies show that beside surface 
flatness, a damage-free surface and subsurface are also critical parameters in assuring HgCdTe 
and CdZnTe based detector devices work effectively. In previous studies using ultra-precision 
grinding, ultrafine diamond grinding wheels with various grit sizes were used to investigate their 
effect on surface and subsurface damage of ground wafers. The results were apparent that the 
ground surface became smoother when finer grit size was used during grinding. 
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Ultra-precision grinding on HgCdTe wafers using a diamond wheel with grit size of 700 nm 
resulted in improvement of surface roughness (Ra) and peak-to-valley of HgCdTe wafers to 1.6 
and 13.6 nm, respectively [65]. SEM micrographs of the ground surface and the diamond wheel 
are shown in Figure 2.9. 
 
  
Fig. 2.9 SEM micrographs of (a) ground HgCdTe and (b) a developed ceramic bond ultrafine 
diamond wheel [66] 
 
Subsurface damage was also investigated using high resolution TEM, and showed a damage free 
subsurface. However, it was also observed that cutting chips were left on the ground surface. 
Sizes of those chips were measured, and ranging from 21 to 30 nm [66].  
 
The same method of machining was also employed on CdZnTe single crystals. Various mesh 
sizes between #1500 and #5000 were used, and the result was in agreement with the study 
mentioned previously. The surface roughness was successfully improved, and became smoother 
when finer grit size was used. Surface roughness of ground CdZnTe wafers using #5000 grinding 
wheel was 5.7 nm. Grinding marks were also observed on the ground surface, as shown in Figure 
2.10. High resolution TEM was used to investigate the subsurface of ground CdZnTe wafers. 
The investigation showed that nanocrystals were formed. It was also reported that the damage 
layer on the subsurface was thinner when ground with finer grit size diamond wheel [7, 67]. 
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Fig. 2.10 SEM micrographs of surface topography of CdZnTe wafers after precision grinding by 
(a) #800, (b) #1500, (c) #3000 and (d) #5000 wheel’s mesh sizes [37] 
 
2.5. Removal mechanism during machining 
Machining processes, such as grinding are complex and could have multiple removal mechanism 
working simultaneously. However, it can be simplified by emulating the individual cutting 
process by a single grit on the specimen with a single point diamond cutting, which enables us to 
study of how the material is deformed and removed during machining.  During single point 
cutting, the critical depth of cut, which is when the transition between ductile and brittle removal 
mode, can be interpreted as when plastic deformation are affected by the density of subsurface 
defects or dislocation [68]. Plastic deformation during machining can be associated with the 
uncut chip thickness. When the uncut chip thickness is still relatively small, the size of critical 
stress field is also small, thus density of subsurface cracks and fractures in this area is low; in this 
case the material will be removed in ductile mode. Consequently, the transition from brittle to 
ductile removal mode is dependent on the uncut chip thickness [69].  
 
Figure 2.11(a) illustrates the contact made by a round-nosed cutting tool and the workpiece 
during single point cutting showing the direction of cutting and feed motion, and also the effect 
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of feed rate onto the thickness of the cutting chip. It clearly shows that the feed rate is one of 
important parameters during machining. The subsurface deformation that is caused by the 
movement of the cutting tools is shown in Figure 2.11(b), which is a projection of the tool 
perpendicular to the cutting direction. According to energy balance method, subsurface cracks 
and fractures will be initiated when the effective cutting depth is dc, and propagated to the depth 
(yc), as shown in this figure. If the subsurface damage is kept above the cut surface plane, 
removal in the ductile regime is then achieved.    
 
 
 
 
Fig. 2.11 Illustration of (a) a round nose cutting tool movement during cutting and (b) view of 
the tool perpendicular of cutting direction [70] 
 
 
2.5.1. Ductile-to-Brittle removal mode (Bifano model) 
The transition from ductile to brittle removal mode in machining is based on the conventional 
assumption that all materials will deform plastically if the scale of deformation is very small. For 
instance, the polishing process can often result in a ductile removal mode in brittle materials due 
to its shallow grit depth of cut and low grit loads. The applied force during grinding produces a 
stress field that affects the deformation mode of material, as shown in Figure 2.12.  
(a) (b) 
Depth of cut 
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Fig. 2.12 Removal mechanism of brittle material under (a) ductile mode and (b) brittle mode [68] 
 
The Transition of brittle to ductile removal mode for brittle materials is also described as an 
energy balance between strain energy and surface energy [71] that is based on a model proposed 
by Blackley and Scattergood’s in early 1990 [70, 72]. This model considers the penetration of 
grit during machining could be emulated as an indentation, and crack could be generated during 
this ‘indentation’ process. Thus, brittle materials could deform in various mechanisms when the 
critical stress field exceeds the plastic deformation region that is induced by penetration of the 
cutting grit. It could cause irreversible material deformation in terms of either brittle or ductile 
modes. 
 
Great efforts have been directed towards the development of ductile mode removal techniques in 
past several decades. A comprehensive investigation of ductile to brittle transition mode in brittle 
materials was conducted by T. G. Bifano in late 1980s [71, 73]. The investigation showed that 
brittle materials could deform in various mechanisms when the shear stress exceeds the elastic 
yield stress of the material. It could cause irreversible material removal in terms of either brittle 
or ductile modes. The investigation confirmed the existence of a critical depth of cut, dc, for 
ductile to brittle transition with respect to the work material, which is defined as follows: 
  
 𝑑𝑐 =  𝛽 (𝐸 𝐻⁄ )(𝐾𝑐 𝐻⁄ )
2, (2.1) 
 
where E is the specimen’s elastic modulus, H the hardness, Kc the fracture toughness and  a 
constant that relates to wheel grit geometry. Eq. (2.1) shows that the critical depth of cut during 
grinding, dc, is related to material mechanical properties such as fracture toughness, hardness and 
elastic modulus. 
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According to Bifano, based on the experiments of grinding of a brittle material, if the penetration 
of the grinding abrasive grits is less than the critical depth of the cut, the removal of this material 
should occur in the ductile regime, suggesting that no residual cracks are generated on the 
ground surface. Practically, the maximum grit depth of cut taken in the grinding process should 
be less than the depth of penetration that induces cracking in the material, which is defined by 
the dc.  
 
In the study, Bifano has investigated three different types of brittle materials to examine the  in 
Eq. 2.1, including crystalline solid, amorphous glasses and advanced ceramics. The selection of 
the three materials was to align with the investigation’s objectives, which were reproducibility of 
results, relevant to commercial importance and inclusion of broad variety structures and 
properties, respectively.  
 
Figure 2.13 shows the correlation between calculated critical-depth-of-cut and measured critical 
depth of cut. Based on the correlation, the constant, , estimated value was determined to be 
approximately 0.15, as shown as straight line in Figure 2.13. According to this result, the critical 
depth-of-cut criterion with  equals to 0.15 is valid mostly for crystalline solids, amorphous 
glass and advance ceramic [71, 73]. However, vibration of cutting tools from conventional 
methods will also fracture the single crystal of soft brittle materials, such as HgCdTe and 
CdZnTe [28]. Thus, a systematic investigation is required to determine a model to define the 
critical depth of cut on soft and brittle solids.  
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Fig. 2.13 Correlation of measured depth of experiment depth and calculated depth by 
(E/H)(Kc/H)
2
 on hard and brittle materials [71] 
 
The studies by Blackley and Scattergood, and followed by investigations by Bifano shows that 
the removal mechanism of hard and brittle materials depends on the material properties, and also 
influenced by the microstructure of the material being machined [74-77]. However, there are 
only a few reported studies regarding the transition of ductile to brittle removal mode for soft 
and brittle materials. 
 
2.5.2. Ductile removal mode on brittle materials 
A great deal of research work has been carried out to investigate the ductile mode machining 
techniques for various hard and brittle materials since the development of the Bifano model, such 
as glass, silicon nitride, alumina, silicon carbide and tungsten carbide. Current results 
demonstrate that the removal mechanism of brittle materials is dependent on the material 
properties, as indicated in the model, and also influenced by the microstructure of the material 
being machined [74, 78-81]. 
 
These efforts have been bolstered by the development of micromachining processes for micro 
components [48, 82-84]. For instance, in the development of micro grinding technologies to 
machine an aerostatic guide for a micro actuator made of alumina [85] and a micro aspherical 
mould insert made of cemented tungsten carbide [83]. The aerostatic guide component has a 
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feature size of about 300 m with tight dimensional accuracy and straightness. The finished 
mould inserts has a diameter of 200 m and a surface finish of Ra ~ 7 nm. 
 
Previous studies showed that great efforts were directed toward developing pragmatic 
micromachining technologies, with an emphasis on grinding machines, tooling, equipment and 
grinding parameters [84, 86-89], and also their microstructures [74, 90-92]. It can be summarized 
as indicated in the previous research [80, 93] at the penetration of a diamond abrasive grit into a 
workpiece during ultra-precision grinding can be envisaged as an indentation, more closely, as a 
scratching process. In other words, an abrasive grit penetration in micromachining can be studied 
using the penetration of a single diamond indenter into the work material specimen using 
nanoindentation and nanoscratching. As mentioned previously, this concept has greatly 
simplified the investigation of machinability on hard and brittle materials. Most of those current 
machining technologies are developed for the ‘ductile mode machining’ of hard and brittle 
materials, such as advanced ceramics and glasses. Its fundamental principle is to control the 
movement of the tool so as not to exceed the critical depth of cut, which is dependent on 
mechanical properties of individual material, as shown in Eq. 2.1. However, machining on soft 
and brittle compounds, which are normally considered as hard to handle and to machine, is 
obviously different than hard and brittle materials. Machining soft and brittle materials to the 
desired flatness and shape, while maintaining good quality and integrity of the surface and 
subsurface, can be challenging. 
 
2.6. Mechanical properties determination 
It is known that the mechanical properties of HgCdTe and CdZnTe wafers are significantly 
inferior to other materials suitable for infrared detector applications. HgCdTe and CdZnTe are 
considered soft materials with low mechanical strengths [19, 51]. As a result, handling of 
HgCdTe and CdZnTe during manufacture processing is particularly difficult. Information about 
these wafers mechanical properties is essential to determine pragmatic machining parameters 
during manufacturing, especially the transition of ductile to brittle removal during machining.  
 
There are various testing methods available in investigating mechanical properties of bulk 
materials, however, since HgCdTe and CdZnTe wafers are considered difficult to handling, 
hence, difficult to prepare for most of testing methods. 
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Depth sensing indentation, which is more commonly known as nanoindentation has been 
considered as an excellent tool in investigating mechanical properties of various range of 
materials [94-96]. Nanoindentation testing has been used as a tool to study the elastic modulus, 
hardness, strain-hardening, micro-cracking, phase transformations, fracture toughness and 
energy absorption of various materials over several decades [94, 95, 97, 98]. Nanoindentation 
could be described briefly as the penetration of a diamond tip into the surface of a material by 
applying well-controlled contact forces. The displacement of the indenter tip is accurately 
measured during a pre-programmed loading schedule. The displacement depth during 
nanoindentation test is measured in nano-meters rather than micro-meters, which is applied in 
common hardness testing such as Vickers indentation. The relation between the contact load and 
the indentation depth could be used to calculate the contact area through predetermined tip area 
function. The elastic modulus (E) and hardness (H) of the specimen are determined from the 
unloading stage of the load-displacement curve. Since the load-displacement relations are 
recorded during entire indentation process, it could be used to monitor the contact deformation 
mechanisms as well, such as crack initiation and phase transformation. This technique is also of 
particular interest for studying those materials with fine microstructures where highly localized 
properties need to be measured [99-102]. 
 
Owing to its unique ability, nanoindentation has been also extensively used to study the response 
of hard and brittle materials to mechanical deformation [98, 103-107]. Monocrystalline silicon 
(Si) is the most widely used semiconductor material in electronic industries and surface integrity 
is one of the requirements for machining the material on these applications. In most applications, 
a damage free subsurface is required. Previous studies show this material undergoes a series of 
hysteretic phase changes when subjected to high pressures, and applied load during 
nanoindentation in micro-scale area can emulate the high pressure on the specimen surface, and 
induce phase transformation. 
 
The application of indentation testing methods to determine fracture toughness has been used 
extensively in various brittle materials. The Vickers indentation test is one of the conventional 
methods used for characterizing the mechanical properties of materials, such as hardness and 
fracture toughness. The test involves using a diamond sharp indenter to make a permanent 
indentation impression on material’s surface under a specific load. The depth scale of the 
penetration depth is measured in microns. To measure material hardness, the contact area is 
obtained by measuring dimension of the indentation’s impression using an optical microscope.  
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Vickers diamond indenter is commonly used for microindentation testing, where a diamond 
pyramid shaped indenter penetrates into surface by normal force (P). The Vickers hardness, Hv, 
is calculated from the indentation impression diagonal length. The fracture toughness, Kc, is 
calculated from measuring length of radial cracks, which occur at corners of Vickers indentation 
impression, as shown in Figure 2.14. The source of fracture comes from the contact between the 
indenter and the specimen, which produces three basic crack systems; radial, median and lateral 
cracks. This method of fracture toughness determination is commonly known as Vickers 
indentation fracture toughness (VIF) tests [108, 109]. With relatively high load for indentation 
testing on microstructure, in the Newton scale, Vickers indentation test is commonly used to 
induce median-radial cracks on brittle materials. 
 
 
Fig. 2.14 Schematic presentation of Vickers indentation impression and crack length 
measurement [110] 
 
Fracture toughness of various hard brittle materials, such as tungsten films, silicon and cobalt 
binder tungsten carbide, had been investigated using VIF tests [110-112]. Study by Shih et al. 
[111] on various brittle material thin films, which were prepared using various pressures in the 
sputter deposition processes, indicated that specimen microstructure has a significant effect on 
hardness rather than other parameters.  
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2.7. Deformation and removal mechanism investigation 
The mechanism of material removal during microgrinding can be emulated as a scratch event. 
For microgrinding, where the grit size of the grinding wheel is in micrometer scale, the 
microscratch testing is the closest method to be used to investigate surface deformation. The load 
acting between an indenter and the specimen is a significant test parameter. The load determines 
the tip penetration depth during scratching. Fracture will occur if the load is higher than the 
critical depth of the specimen. Below the critical value, no fracture and plastic deformation will 
occur [73]. The previous studies of microscratch testing on brittle materials were done for two 
purposes; firstly, to determine the scratch resistance [113, 114], and secondly, to investigate the 
microfracture and material removal [75, 76]. 
 
Zarudi et al. [115] and Zarudi and Zhang [116] studied the dislocation and subsurface structure 
in plastic zone of alumina samples, hard and brittle materials, which had average grain sizes 
ranging from 1 to 25 mm. Scanning electron microscope (SEM) and transmission electron 
microscopy (TEM) were employed to examine topography, cross section and subsurface damage 
of surfaces after scratching. No cracks were found on the 1 mm-grain sample, meaning that the 
material was scratched in ductile mode. On the surface of 25 mm-grain alumina, cracks were 
visible. Two different tips were used during the scratching experiments; a blunt conical indenter 
with 100 mm tip radius, and a sharp Vickers indenter with an included angle of 136
o
.  
 
Figure 2.15 shows the top and cross-sectional views of the scratched alumina surface. Figure 
2.15(a) shows fractured grains, even dislodged, due to scratching. The damaged region can be 
seen clearly on cross section view, perpendicular to the scratch, as shown in Figure 2.15(b). The 
damage region is characterized by a high density cracks between the grains. Unlike the scratched 
surface using a sharp tip shown in Figure 2.15, the groove of scratched alumina using a blunt 
indenter appears to be very smooth, as shown in Figure 2.16(a). However, this does not imply 
that the deformation was purely plastic, because many microcracks were still observed inside the 
grain beneath the groove, as shown in Figure 2.16(b). The study explains the 26 mechanisms of 
microscopic deformation induced by scratching, which is very beneficial to the grinding study. 
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Fig. 2.15 Alumina after scratching with a 136
o
 Vickers pyramid indenter; (a) topography of the 
groove and (b) cross-section view [115] 
 
 
Fig. 2.16 Alumina surface topography after scratching with a blunt indenter showing (a) 
topography of the groove and (b) dislocation structure of the plastic zone beneath the scratch 
groove [116] 
 
In nanoscratch testing, the relative sliding velocity, or scratching rate, between the tip and the 
specimen is much smaller than that in microscratch. Therefore, nanoscratch can be used to  
observe the deformation and material removal mechanisms of specimens with ultra-fine 
microstructures, such as a fine-grained cemented tungsten carbide (cWC). Like nanoindentation, 
nanoscratching is a computer controlled method that allows the tip to move laterally on sample 
surface in micro-metric scale, while keep controlling its normal force, FN, scratch depth (or 
normal displacement) and scratch distance. Force and displacement is monitored and recorded 
during the process. The computer controlled nanoscratch can be used to analyze surface 
deformation during the scratching and after the scratch, and their relation to lateral force, as 
shown in Figure 2.17. In Figure 2.18(a), the difference of the groove depth after scratching, and 
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surface contours prior to scratching can be used to calculate material removal due to scratching 
process. In Figure 2.17(b), changes in lateral force, FL, can be used to characterize 
microstructure deformation under the scratching. 
 
 
Fig. 2.17 Nanoscratch result of organic thin films (a) the scratch depth and (b) the lateral load as 
a function of scratch distance and the normal load [117] 
 
Previous studies showed that great efforts were aimed at investigating material fracture, wear 
and friction coefficient. Most of those studies were conducted on ultra-thin deposited film 
materials and homogenous materials. On the scratched surface condition, the material 
deformation process in thin films is in similar condition to the deformation on grain and 
boundaries on polycrystalline materials [118-120]. Worn particles and volume removal rate, 
which were affected by the interaction of multiple scratches, were also investigated [121]. The 
study employed AFM and an optical microscope to investigate scratch topography including its 
depth, width and pattern of protuberances. However, no evidence of worn particles was produced 
in this study. Protuberances were not developed during the experiment, but the hardened pile up 
of a previous scratch reduced the depth of subsequent parallel scratch adjacent to the previous, as 
shown in Figure 2.18. 
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Fig. 2.18 Image of three parallel scratches sectional profile across (a) edge and (b) faces of the 
Berkovich tip; the order in which the scratches were made is denoted by I, II, and III [121] 
 
Combination of nanoscratch experiments and modeling was reported to investigate the relation 
between lateral force and applied load on metallic materials, such as using cast titanium, copper  
and aluminium [122]. The results of the investigation showed that lateral force from the 
scratching process was dependent on two parameters. The first had a physical origin which was 
the adhesion of solids, and the second had a mechanical origin which was linked to deformation 
of the material. The results also showed disparity between experiments and modelling. The 
conclusion was that differences could be due to the indenter not being perfectly sharp, and the 
lateral forces caused by scratching on these materials being mainly governed by the friction due 
to the deformation rather than adhesion. 
 
2.8. Surface improvement by machining 
Grinding is a complex process, which could have multiple removal mechanism working 
simultaneously [123]. To simplify the process, the cutting process by grits on the grinding wheel 
can be emulated by a single-grit cutting. Similar to the per nanoindentation and nanoscratch, the 
single-grit cutting testing method can also emulate an individual removal event in grinding, with 
controllable parameters, such as cutting speed and penetration depth. The single-grit cutting is 
similar to scratching, but the diamond grit ‘deep-scratches’ the specimen surface at similar 
sliding speed as an abrasive grit during in grinding. This method can provide direct observation 
of the type of material removal.  
 
Previous works on the single-grit cutting method have investigated the friction coefficient, the 
effect of grinding velocity to grinding forces and the effect of diamond grit dimension on surface 
deformation [124-126]. Tamaki et al. [127] also investigated the effect of three-dimensional 
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shape of single-crystal diamond grit on various optic film specimens’ critical depth of cut (dc). 
The specimens were placed in an slight angle on the spindle to enable increased grit penetration 
during cutting process, as shown in Figure 2.19 [127]. The result shows different dc values were 
obtained when grinding using different angles; the dc value was 20 nm larger in the case of cut-in 
grinding than in the case of cut-out grinding process. 
 
 
Fig. 2.19 An illustration of instrument set up of single grit grinding with tilted specimen position 
[127] 
 
Single-grit cutting was also employed by Lee, et al. [28] to flatten surface of HgCdTe wafers in 
investigating the effect of surface condition on electrical properties during fabrication of infrared 
focal plane arrays. Using this method Lee, et al. successfully flattened the surface of liquid phase 
epitaxy (LPE) HgCdTe wafers to achieve a mirror like surface and to remove a non-planar 
surface. Figure 2.20 shows surface morphology of the specimen prior to and after cutting by 
single-grit diamond.  
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Fig. 2.20 Surface morphology of LPE HgCdTe (a) before and (b) after machining using single-
grit cutting method [28] 
 
This method has proven to be a reliable method for surface flattening of soft and brittle HgCdTe 
wafers. The surface roughness improved significantly from 1.23 to 0.02 m, while the peak-to-
valley height was reduced from 6.35 to 0.10 m. However, the removal mechanism and the 
transition ductile-to-brittle removal mode on this soft-brittle specimen are not reported in this 
study. Thus, a systematic study to understand the deformation and removal mechanisms of soft-
brittle materials is needed. 
 
2.9. Summary 
Material removal and surface improvement using conventional machining method, such as 
polishing, cutting, or grinding, is based on removal by abrasive grit. These processes would 
normally remove material in a brittle mode that permits a high removal rate, but results in 
inferior quality of both surface and subsurface as a result of the development of cracks and 
fractures. For the last two decades, these conventional machining methods have been studied for 
applications to improve surface and subsurface quality, and achieve geometric accuracy on soft 
and brittle materials. For hard and brittle materials, many advanced machining methods have 
(a) (b) 
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been investigated and developed to achieve high removal rate with better surface integrity and 
geometric accuracy [48, 71, 87, 91, 128-131]. These advanced methods of material removal have 
been transformed from conventional material removal in a brittle mode to a ductile removal 
mode, achieving high removal rates and at the same time resulting in high quality surface and 
subsurface finish. 
 
To achieve a ductile removal mode during machining soft and brittle materials, deformation and 
removal mechanisms need to be investigated and fully understood. In this chapter, review of 
relevant studies in deformation and material removal mechanisms has been presented. The 
review has revealed that many studies on soft brittle materials have been focused on the quality 
of crystal growth and improving device performance. There are many published studies in which 
the investigators have tried to adopt conventional machining methods to remove single-crystal 
material in a ductile mode to improve surface finish. However, very few studies have been 
reported on the removal mechanisms present in the processing of soft brittle materials; therefore, 
the effect of conventional machining on the quality of finished surface and subsurface of the 
HgCdTe, which also has significant influence in device performance, is an area of interest. 
 
Conventional machining methods, such as abrasive lapping, mechanical polishing and chemical 
corrosion, which are usually employed in the machining hard and brittle materials [37, 62, 132, 
133], such as silicon wafers, are used to machine soft and brittle materials. However, surface and 
subsurface condition of the soft and brittle materials after machining has not been reported. 
 
To date, little fundamental study has been conducted on the deformation characteristics and 
removal mechanisms of soft-brittle solids such as HgCdTe and CdZnTe wafers, especially aimed 
at determining a ‘one-step’ machining method, such as removal in ductile mode during 
machining. Current systematic study of material removal processes for improving the surface 
roughness and flatness of HgCdTe wafers was reported by Lee et al who had employed a single-
point diamond turning (SPDT) on the wafers. Machining damage was also reported. The damage 
was removed by an etching process using Br-MeOH. The study successfully reduced RMS 
surface roughness and peak-to-valley from 1.23 μm to 0.02 μm, and from 6.35 μm to 0.1 μm, 
respectively. Optical images of HgCdTe wafers prior to and after machining are shown in Figure 
2.21. Due to the expense of the SPDT device, it cannot be afforded by many labs and 
commercial enterprises. Moreover, this kind of method cannot be used to simulate the machining 
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standard of soft-brittle crystals, due to the micro-waviness derived from the turning, resulting in 
decreased of surface quality and integrity of HgCdTe crystals.  
 
 
Fig. 2.21 Optical images of the surface of LPE HgCdTe wafers (a) prior to and (b) after single-
point diamond turning [28] 
 
Thus, at this stage, study of machining techniques for these soft and brittle materials remains an 
‘art’, with investigations on this topic typically developed through a process of ‘trial and error’. 
It is essential to understand the deformation characteristics and removal mechanisms of soft and 
brittle solids, as an understanding of this area would lead to creating pragmatic machining 
technologies for these types of materials. 
 
The research in this thesis focuses on the investigations of deformation characteristics and 
removal mechanisms of an abrasive grit on soft and brittle solids, the approach as follows: 
 HgCdTe and CdZnTe, soft-brittle materials, have unique mechanical properties, which will 
bring quite an impact on development of fabrication technologies, especially on ultra-
precision machining field. Utilizing the nanoindentation and nanoscratching to explore 
fundamental deformation and removal mechanisms in ductile regime of these soft-brittle 
solids. 
 A pragmatic grinding process to grind soft-brittle material in ductile regime to produce a 
high dimensional accuracy and high quality surface finish that shorten the overall process 
during fabrication of brittle materials, which traditionally is done through a progression 
manufacturing processes. Thus, employing a single-point diamond cutting to investigate the 
fundamental parameters of materials’ removal. 
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 The outcome of the project is not only to advance the knowledge based in nanomechanical 
machining of soft-brittle materials, but will directly improve the quality of product quality 
and the efficiency in manufacturing process. 
 
2.10. Thesis outline 
In this dissertation, investigations of deformation characteristics and removal mechanisms of 
soft-brittle HgCdTe and CdZnTe have been undertaken. The thesis has nine chapters, which will 
be presented as follows: 
Chapter 1 introduces the project that represents by this thesis, including its brief background, 
objectives and significances. 
 
Chapter 2 reviews of the current published literatures to cover the machining of soft brittle 
solids, and to include deformation and removal mechanisms of the materials. 
 
Chapter 3 details of experiment procedures that are adopted in this research are described. 
 
Chapter 4 reports the outcome on investigation on mechanical properties of the specimens, 
such as hardness, elastic modulus and fracture toughness, by nano/micro 
indentation tests. Applied normal load on this method is very useful to mimic 
normal force when cutting grit makes a contact and penetrates the workpiece. This 
chapter will also discuss surface morphology of the specimen due to applied 
normal load by nanoindentation. The fracture toughness was determined using 
direct measurement of indent-induced cracks. 
 
Chapter 5 reports deformation and removal mechanisms due to combination of normal and 
lateral forces of nanoscratching. Deformation of the specimen in controlled 
applied loads will be shown and deformation pattern will be discussed. This 
chapter reports investigation of the effect of depth of penetration and velocity of a 
diamond tip that was moving in raster scanned mode, which is mimicking typical 
cutting by turning process, on the specimens.  
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Chapter 6 reports the investigation of finding critical depth of cut where the specimen was 
removed in ductile mode rather than brittle mode. A single point diamond turning 
as part of an ultra-precision machining was employed in this study. 
 
Chapter 7 presents conclusions of this research and overview of possible future works. 
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Chapter 3 
Experimental Details 
Chapter 3: Experimental Details 
3.1. Materials 
3.1.1. HgCdTe and CdZnTe wafers  
As-received single crystal HgCdTe wafers of 15 mm in diameter and 0.5 mm in thickness were 
used in this study. The wafers were taken from a crystal HgCdTe ingot grown by the modified 
Bridgman method by wire sawing along (111) crystalline plane. The wafers were then lapped by 
SiO2 and SiC free abrasives with diameters ranged from 2 to 5 μm, and polished using SiO2 and 
SiC abrasives of 500 nm in diameter. The polished surfaces were finally chemically etched with 
solvent of 2% Br-MeOH, and rinsed by ethanol and de-ionized water. Figure 3.1 shows a mirror 
surface finish of the HgCdTe wafers.  
 
 
Fig. 3.1 The as-received HgCdTe wafers 
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The as-received CdZnTe (111) wafers are single crystal material too. The wafers were cut into 
the specimens of width, length and thickness of 10, 10 and 2 mm, respectively. Figure 3.2 shows 
a typical CdZnTe specimen, showing mirror surface finish.  
 
 
Fig. 3.2 The CdZnTe specimen 
 
 
3.1.2. Surface characteristics of HgCdTe and CdZnTe 
Surfaces of HgCdTe and CdZnTe wafers were characterized using an atomic force microscope 
(AFM) Q-Scope 250/400
TM
 (Ambios Technology Inc., California, USA) and a scanning electron 
microscope (SEM) JEOL 6700 (JEOL Ltd., Tokyo, Japan).  Figure 3.3 shows the SEM 
micrograph of HgCdTe surface, where some micro-steps can still be observed, which are the 
defect from crystal growth. Figure 3.4 shows the AFM micrograph of surface of the HgCdTe 
specimen (a) and its line profile (b). The average surface roughness (Ra) of the specimen is 5 nm. 
It is seen from Figure 3.4(b) shows that the surface profile has a Peak-to-Valley (PV) of 30 nm.  
 
35 
 
 
Fig. 3.3 The SEM micrograph of HgCdTe surface 
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Fig. 3.4 (a) The AFM image of the typical HgCdTe surface, and (b) the line-profile obtained at 
the location marked by the dotted line in (a) 
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X-ray diffraction (XRD, Bruker Corp., Massachusetts, USA) was employed to characterize the 
crystal structure of the two materials. The typical XRD spectrum of the HgCdTe specimen is 
shown in Figure 3.5. The inset table in this figure shows the diffraction data. Recorded peaks of 
#1, #2 and #4 represent the crystal planes of (111), (222) and (444), respectively. 
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Fig. 3.5 The XRD spectrum of the HgCdTe specimen 
 
The HgCdTe specimen was conducted by the energy-dispersive X-ray (EDX) analysis (JEOL 
6700 JEOL Ltd., Tokyo, Japan). The EDX was executed at three random locations on the surface 
of the specimen. Figure 3.6 shows a typical EDX spectrum of the specimen. The EDX results 
show that relative intensity of Hg and Cd elements are 48.32 and 8.87, respectively, 
demonstrating that the compound consists of 84% HgTe and 16% CdTe in atom percentage. The 
results from XRD and EDS confirm that the HgCdTe specimen is a single crystal of 
Hg0.84Cd0.14Te with (111) crystal orientation.   
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Fig. 3.6 The EDX spectrum of the HgCdTe specimen 
 
Figure 3.7 shows the SEM micrograph of a typical CdZnTe surface. The surface is very smooth 
although few scratches from polishing process are still visible. Figure 3.8 shows the AFM 
micrograph of the CdZnTe surface (a) and its line profile (b). The polishing-induced scratches 
were more visible in Figure 3.8(a) under the atomic force microscope. From Figure 3.8(a), it can 
be seen that the surface has a PV value of about 25 nm, which is similar to that of the HgCdTe 
specimen. The average Ra of the scanned area is 6.5 nm.  
 
Again, the crystal structure of the CdZnTe specimen was characterized using XRD. Figure 3.9 
shows the XRD pattern of the specimen, where the first peak of crystal plane (111) is dominant. 
From the EDX spectrum shown in Figure 3.10, the composition ratios of CdTe and ZnTe 
compounds of the CdZnTe specimen were 96% and 4%, respectively. The results from the XRD 
and EDS characterization demonstrate that the CdZnTe specimen is a single crystal of 
Cd0.96Zn0.04Te with (111) crystal orientation. 
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Fig. 3.7 The SEM micrograph of a typical CdZnTe surface   
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Fig. 3.8 (a) The AFM image of CdZnTe and (b) the line-profile of the polished surface at the 
location marked by the dotted line in (a) 
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Fig. 3.9 The XRD spectrum of the CdZnTe specimen 
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Fig. 3.10 Typical EDX spectrum of the CdZnTe specimen from three random locations 
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3.2. Mechanical testing methods 
3.2.1. Nanoindentation 
Nanoindentation, also known as depth-sensing indentation, is well-established and has been 
widely used for the characterization of the mechanical properties of materials at nano/micro 
scales. Nanoindentation experiments in this thesis were carried out on a Triboindenter
®
 (Hysitron 
Inc., Minnesota, USA), nanomechanical testing instrument. Figure 3.11 shows the core 
components of the Triboindenter
®
, which sits on a mechanical vibration isolation table to reduce 
vibration from the floor. In this study, a 1D standard-load transducer was employed for 
nanoindentation tests. The specification of the transducer is shown in Table 3.1. 
 
 
Fig. 3.11 The Hysitron Triboindenter
®
: (1) granite frame, (2) load actuator, (3) Piezo scanner, (4) 
standard-load transducer, (5) plate for indenter installation, (6) optical microscope and (7) stage 
for specimen installation 
 
Table 3.1 Specifications of the 1D transducer [134] 
 Transducer: 1D standard load  
 Maximum force: 30 mN  
 Load resolution: 1 nN  
 Normal displacement: 5 m (max)  
 Resolution: 0.2 nm  
 Lateral displacement: -  
  Working axis: Z-axis only  
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A Berkovich indenter with a tip radius of 100 nm was used. The peak load of nanoindentation 
varied from 1 to 30 mN. For each loading condition, 5 indentations were made to compute the 
average values of hardness and elastic modulus. The nanoindentation tests with contact depth 
(hc) greater than 100 nm were used to minimize the effect of any possible oxidation layer on the 
surface and the size effect of nanoindentation. In-situ scanning probe microscopy (SPM) was 
used to examine the surface morphology prior to and after indentation.  
 
Figure 3.12(a) shows an indentation load function used in this study, which was consisted of 
three segments, such as (1) a loading phase of 10 seconds that was a penetration of the tip into 
specimen until reaching the peak load (Pmax), followed by (2) a holding of 10 s at the peak load 
where the tip was kept into the position within a certain time and (3) the unloading phase of 15 s 
during which the applied load on the tip was unloaded at constant rate until zero, and the tip was 
then withdrawn from the specimen. Holding the tip at the peak load would stabilize the 
instrument and specimen before the unloading phase starts. A schematic representation of the tip 
penetration into the specimen during indentation is shown in Figure 3.12(b), which is known as a 
load-displacement curve (p-h curve). 
 
From the load-displacement curve shown in Fig. 3.12 (b), the reduced modulus of the material 
being indented, Er, was determined. The elastic modulus of the specimen then was calculated 
using the following equation [94, 95]: 
 
 
1
𝐸𝑟
=  
1−𝑣2
𝐸
+ 
1−𝑣𝑖
2
𝐸𝑖
 , (3.1) 
 
where Er is the reduced elastic modulus determined from the initial part of unloading-
displacement curve, E is the elastic modulus of the specimen, v is the specimen’s Poisson’s ratio 
of the specimens, and Ei and vi are the modulus and Poisson’s ratio of the diamond indenter, 
respectively. Values of Ei = 1141 GPa and vi = 0.07 were used in this study [95, 135]. The 
hardness is related to the maximum load to the indentation area, which is given by, 
 
 𝐻 =
𝑃𝑚𝑎𝑥
𝐴
 (3.2) 
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Where Pmax is the maximum indentation load and A is the projected contact area, which can be 
determined using the area function that is a function of the indentation depth.  
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Fig. 3.12 (a) Indentation load function used in the study and (b) a typical p-h curve of indentation 
on a standard quartz specimen 
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3.2.2. Microhardness 
Fracture toughness (Kc) of HgCdTe and CdZnTe was investigated using microindentation, as 
nanoindentation testing was unable to generate cracks on the specimens. Various techniques are 
available to determine the fracture toughness (Kc) of a brittle material [108]. Among them is 
Vickers Indentation Fracture (VIF) method [136]. The VIF method calculates Kc of a brittle 
material by direct measurement of the length of surface cracks generated by indentation. To 
assure a meaningful outcome of this study, single crystal silicon (Si), a well-studied material, 
was also included in the experiments. Results of testing on Si can be used to verify the VIF 
method that was used in this study.  
 
Figure 3.13 shows a Microhardness tester MMT-X3 (Matsuzawa Co., Akita, Japan) with a 
Vickers indenter was used. The instrument is capable of performing indentations with peak loads 
ranging from 5 to 1000 gf, approximately equivalent to 49 to 9807 mN. Five indents were 
performed for each load.  
 
 
Fig. 3.13 Microhardness tester MMT-X3 
 
Generally, two typical shapes of cracks were generated by indentation using the Vickers 
indenter. The two typical indentation-induced cracks were schematically illustrated as: a radial-
median crack in Figure 3.14(a) and a Palmqvist crack in Figure 3.14(b). The radial-median crack 
in Figure 3.14(a) shows the cracks are occurred under the indent, and have a diagonal length of 
indent impression (2a) and a total length of crack (2c). Figure 3.14(b) shows the cracks are 
generated from the edges of indent impression to some length away from the impression, and 
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have a diagonal length of indent impression (2a) and a length of a crack (l). The length of cracks 
generated was measured by an in-situ optical microscope right after each indentation to avoid the 
effect of any post-indenting propagation. The indented sample surfaces were also examined by a 
scanning electron microscope EVO
®
 50 (Carl Zeiss AG, Oberkochen, Germany). 
 
 
 
Fig. 3.14 Schematic illustration of Vickers indent-induced cracks (a) radial-median crack and (b) 
Palmqvist crack [136] 
 
 
Crack length generated by the micro-indentation was then used to calculate the fracture 
toughness of the material, Kc, which is expressed as [108]: 
 
 𝐾𝑐 =  𝛼 [
𝐸
𝐻
]
1
2
[
𝑃
𝑐
3
2⁄
] , (3.3) 
 
where E denotes the elastic modulus, H the hardness, P the indentation peak load and c the crack 
length, while  is a calibration constant (0.0016 ± 0.004) applied to broad range of brittle 
materials 
[108]
. The crack length (c) that is longer than, or equal to, the diagonal of indent 
impression (2a) was required for the use of Equation (3.3).  
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3.2.3. Nanoscratching   
Nanoscratching was performed on the Triboindenter
®
 (Hysitron Inc., Minnesota, USA) using the 
2D transducer. The transducer is able to apply a normal load to the diamond tip and at the same 
time initiate lateral movement of the tip. The scratching process has three distinctive steps: (i) 
loading in normal direction, (ii) scratching in lateral direction while keeping the normal load and 
(iii) unloading. In this study, surface profiles before and after scratching were recorded. A very 
small normal load was applied on the surface for this purpose, so the tip was just enough to 
maintain contact with the specimen’s surface without damaging the surface being scratched. 
Figure 3.15 illustrates schematically the three procedures used in this study.  
 
Figure 3.15(a) shows the pre-scratch scanning phase, where the tip was loaded with a small load 
to engage the tip into the surface, and move the tip laterally until the pre-set scratch distance 
(lateral displacement) was reached. This phase provides the profile information of the surface 
prior to scratching.  
 
Figure 3.15(b) shows the scratching phase, where the tip is first loaded to the maximum normal 
load, so it can penetrate into the specimen, and then moves literally while maintaining the normal 
load and the penetration depth.  
 
Figure 3.15(c) shows the final phase after scratching, where the tip is almost withdrawn from the 
specimen, but just engaged with the sample’s surface, and then moves laterally to trace the 
profile of the scratch. 
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Fig. 3.15 The three phases of nanoscratching process: (a) pre-scan scratch, (b) scratch and (c) 
post-scan scratch 
 
 
The normal load, normal displacement, lateral displacement and time of each segment need to be 
defined before running the scratching tests. Figure 3.16 shows a typical time histories of lateral 
displacement and normal force during scratching. In these figures, the maximum scratching and 
the scanning loads were 1000 and 20 N, respectively.  
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Fig. 3.16 Time histories of (a) lateral displacement and (b) normal force during scratching 
showing pre-scan scratch (A-B), scratching (C-D) and post-scan scratch (E-F) 
 
 
The 2D transducer has a limitation on the lateral force, i.e. not exceeding 2 mN, so the maximum 
normal force applied on Hg0.84Cd0.16Te and Cd0.96Cd0.04Te was 4 mN.  Table 3.2 shows the 
specification of the 2D transducer. 
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Table 3.2 Specifications of the 2D standard-load transducer [134] 
 Transducer: 2D standard load  
 Normal force: 9 mN (max)  
 Load resolution: 3 N  
 Lateral force: 2 mN (max)  
 Normal displacement: 5 m (max)  
 Lateral displacement: 15 m (max)  
 Resolution: 4 nm  
  Working axis: Z and X-axis  
 
 
 
3.2.4. Single Point diamond turning 
Single point diamond turning was performed on a 3-axis ultra-precision lathe Optimum 4200 
(Ametek Precitech Inc, New Hampshire, USA) to study the removal characteristics of the soft-
brittle materials. The instrument has a positioning resolution of 10 nm for each axis. Cutting was 
performed using a single crystal diamond cutter, which has an initial edge radius and a tool nose 
radius of 335 nm and 1.008 mm, respectively. The cutting tool was positioned at 0° of horizontal 
and vertical angles against the sample.  
 
Figure 3.17 illustrates the position of the cutting tool against the specimen on the stage that was 
affixed on the air spindle. Surface roughness (Ra) of the wafer prior to and after cutting was 
examined using a white-light interferometer NT330 Surface Profiler (Veeco Instruments Inc., 
New York, USA). 
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Figure 3.17 The set up for single point diamond turning 
 
In this test, the spindle rotated at 500 and 1000 rpm, and the feed rates used were 5 and 10 m 
per revolution. Cutting depths were varied from 100 nm to 10 µm. The wafer was bonded 
directly to a cylindrical stainless steel stage 50 mm in diameter using heat-softened glue. During 
the cutting water based coolant was used to cool down the cutting tip and surface of the 
specimen.  
 
3.3. Characterization methods 
3.3.1. Atomic force microscopy 
The in-situ atomic force microscope (AFM) associated with the Triboindenter
®
 (Hysitron Inc., 
Minnesota, USA) was used to characterize the surface topography of the specimens. The AFM 
provides an ability to observe the morphology of the specimen’s surface immediately after each 
test. The maximum scan size is 60 m on each X and Y axis, and the resolution of the scan is 
limited to the noise floor of the Z axis, which is 0.2 nm for Triboindenter
®
 [134]. The scan load 
and frequency used in this study were 20 N and 1.5 kHz, respectively.   
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3.3.2. White light interferometer 
White light interferometer is a non-contact optical method to characterize surface profiles 
through height measurement on 3D structures. In this study, surface roughness (Ra) of the 
specimens prior to and after diamond cutting was examined using a white-light interferometer 
NT330 Surface Profiler (Veeco Instruments Inc., New York, USA), as shown in Figure 3.18. 
This study employed vertical-scanning interferometer (VSI) type of scanning, which is capable 
to measure a continuous surface with step-height to up to 5 mm. Objective and field of view 
(FoV) employed were of 50x and 1.5x, respectively, with the scan area of 80 x 60 m2. 
 
 
Fig. 3.18 The White light interferometer WYKO Surface Profiler NT3300 
 
3.3.3. Scanning electron microscopy and focused ion beam 
Scanning electron microscopy (SEM) EVO
®
 50 (Carl Zeiss AG, Oberkochen, Germany) was 
used to characterize surface morphology of indents and cut surfaces of the Hg0.84Cd0.16Te and 
Cd0.96Cd0.04Te specimens. The specimens were mounted on SEM pin stubs, which were covered 
by a carbon tape to improve ground conductivity to prevent the accumulation of electrostatic 
charges on the specimens’ surface. Secondary electron mode was used, with working distance 
and high voltage of 8 ~ 9 mm and 20.00 kV, respectively. Figure 3.19 shows typical SEM 
instrument. 
51 
 
 
 
Fig. 3.19 Typical SEM instrument for surface characterization studies 
 
Focused-Ion Beam (FIB) milling was used to section the specimen for subsurface examination. 
This study used Quanta 3D (FEI, Oregon, USA) for FIB milling, as shown in Figure 3.20, to 
evaluate the subsurface of an indented specimen. This method has some advantages over 
polishing-cross-section method, such as, the slicing can be done to specific location and damage 
by the ion milling on soft-brittle solids can be minimized. Low-energy low-current milling was 
used for this study.  
 
 
Fig. 3.20 Focused-Ion Beam milling that attached to SEM chambers 
 
3.3.4. X-ray diffraction 
X-ray diffraction (XRD) was used to examine the crystal structure of Hg0.84Cd0.16Te and 
Cd0.96Cd0.04Te specimens. Figure 3.21 shows the instrument that was employed for this study, 
the Bruker AXS-D8 Advance (Bruker Corp., Massachusetts, USA). The instrument was 
equipped with a LYNXEYE detector and configured in Brag-Brentano optics. It has a 90-
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position magazine sample changer for high-throughput analysis. The instrument was operated at 
voltage and current of 40 kV and 40 mA, respectively. 
 
 
Fig. 3.21 The X-ray diffraction (XRD) Bruker AXS-D8 Advance 
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Chapter 4 
Mechanical Properties of Soft-Brittle 
Solids 
Chapter 4: Mechanical Properties of Soft-Brittle Solids 
As discussed in Chapter 2, HgCdTe and CdZnTe are representative of II-VI semiconductor 
compounds and widely used in the field of opto-electronics and photonic applications [1-4, 137, 
138]. For device applications, the grown HgCdTe and CdZnTe ingots must be machined into 
thin substrates with high precision and excellent surface integrity. The quality of final surface 
finish can significantly affect optical and electrical properties of the materials, and plays an 
important role in device performance [11, 49]. At present, the technologies used for machining 
HgCdTe and CdZnTe wafers are those commonly employed in the machining of hard-brittle 
material, such as chemical mechanical grinding, lapping, polishing and chemical mechanical 
polishing [7, 13, 28, 61, 62, 133]. Therefore, it is important to conduct a systematic study to 
explore whether those technologies are appropriate or optimal for soft-brittle materials. To 
realise this, the mechanical behaviour of soft-brittle materials under mechanical loading, as well 
as the fundamental removal mechanisms of those materials, need to be understood.  
 
In this chapter, the mechanical properties, such as hardness, elastic modulus and fracture 
toughness, of HgCdTe and CdZnTe (which are the pre-requisite knowledge for studying the 
fundamental removal mechanism of those materials) were investigated using nanoindentation 
and microindentation testing methods. 
 
4.1. Mechanical properties obtained from the nanoindentation tests 
4.1.1 Surface characteristics of nano-indents 
The topography of the indented surfaces was investigated using in-situ AFM after each 
indentation. Figure 4.1 shows the AFM images of the indentation impressions of HgCdTe 
specimen under various loads. The indents were well formed and pile-up is not apparent even for 
the highest peak load of 30 mN. No surface cracks can be observed.  
54 
 
    
  
  
Fig. 4.1 AFM images of indent impressions on HgCdTe at peak loads of (a) 5, (b) 10, (c) 20 and 
(d) 30 mN 
 
Figure 4.2 shows the indent impressions on the CdZnTe specimen. Similarly, the indents were 
well formed and the surfaces around the indents are near perfect, free of surface cracks, slip lines 
and pile-ups, and though some deep scratches left from the previous polishing process are still 
visible. 
 
 
 
(a) (b) 
(c) (d) 
2 m 
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Fig. 4.2 AFM images of indentation impressions on CdZnTe at peak loads of (a) 5, (b) 10, (c) 20 
and (d) 30 mN 
 
The cross-sectional profiles across the indented surfaces of HgCdTe and CdZnTe are shown in 
Figures 4.3 and 4.4, respectively. Figures 4.3(a) and 4.3(b) show the residual depths of 180 and 
220 nm that were generated from indentation on the HgCdTe specimen under peak loads of 1 
and 5 mN, respectively. The increase in indentation load deepens the residual depth of indent, 
hence resulting in greater indent impression’s size. Indentations under the same loads on the 
CdZnTe produced residual depths of 60 and 110 nm, as shown in Figures 4.4(a) and 4.4(b), 
respectively. It is apparent that, for the same indent load a deeper indentation depth was 
generated on HgCdTe than on CdZnTe. The differences in size and residual depth of indent 
(a) (b) 
(c) (d) 
2 m 
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impressions on HgCdTe and CdZnTe specimens indicate that the two materials have different 
values of hardness.  
-300
-200
-100
0
100
0 1 2 3 4 5 6 7
h
ei
g
h
t 
(n
m
)
lateral distance (µm) (a)
1 m
the indent
-300
-200
-100
0
100
10 11 12 13 14 15 16 17 18
h
ei
g
h
t 
(n
m
)
lateral distance (µm) (b)
1 m
the indent
 
Fig. 4.3 Cross sectional profiles of the HgCdTe surfaces prior to and after indentation at peak 
loads of (a) 1 and (b) 5 mN; the inserted in (a) shows the indent with the dashed line that 
indicates the location of the cross-section 
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Fig. 4.4 Cross sectional profiles of the CdZnTe surfaces prior to and after indentation at 
indentation loads of (a) 1 and (b) 5 mN 
 
The effect of the indentation load on the contact depth of HgCdTe and CdZnTe is shown in 
Figure 4.5. For the same load used, the penetration depth on HgCdTe is deeper than that on 
CdZnTe. The difference increases with the increase in peak load. It is also seen that the 
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indentation depth increases linearly with the load for HgCdTe, but the relation was non-linear for 
CdZnTe. 
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Fig. 4.5 Contact depths resulted from increasing indentation peak load for HgCdTe and CdZnTe 
specimens 
 
Although the pile-up is not obvious from the AFM images shown in Figures 4.1 and 4.2, small 
pile-up did exist, as can be seen from Figures 4.3 and 4.4. Pile-up occurred on both HgCdTe and 
CdZnTe when the peak load was greater than 1 mN. For the HgCdTe specimen, the increase in 
peak load, i.e. contact depth, resulted in an increase in the height of pile up, as shown in Figure 
4.6(a). However, the ratios of pile-up height against maximum penetration depth were below 
10% ratio (represented by the dotted line). In contrast, for CdZnTe, the height of pile up was 
independent of the indentation load, as can be seen in Figure 4.6(b). The pile-up heights are 
slightly varied below 10 nm for all the peak loads used.  
 
The occurrence of pile-up would affect the determination of contact area (A), or it would lead to 
an underestimated A, thus leading to an overestimated value of hardness [139, 140]. If the pile-
up ratio is sufficiently great, correction must be made in the calculation of hardness [95, 141, 
142]. In our study, the correction was not required because the ratio of the height of pile-up and 
the maximum depth of indentation were below 10%, as shown in Figures 4.6(a) and 4.6(b).  
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Fig. 4.6 The height of pile-up and its ratio against maximum indentation depth plotted as 
function of contact depth for (a) HgCdTe and (b) CdZnTe 
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4.1.2. Hardness and elastic modulus 
Figure 4.7 shows the load displacement (P-h) curves of HgCdTe and CdZnTe specimens 
obtained from the nanoindentation tests at peak loads varied from 3 to 7 mN. It can be seen from 
the figure that the loading curves of indentation are well overlapped, indicating the good 
reproducibility of those measurements. The load range to 7 mN led to the maximum penetration 
depth of 700 nm on HgCdTe, as shown in Figure 4.7(a), and 550 nm on CdZnTe, as shown in 
Figure 4.7(b). The unloading curves of the two specimens have similar shapes, showing little 
elastic recovery occurred. The ratios of the residual depth over the contact depth for HgCdTe and 
CdZnTe were 0.925 and 0.890, respectively, whose value of 1 indicates fully plastic 
deformation, and 0 for fully elastic deformation [141]. Thus, the soft-brittle materials were 
experienced almost fully plastic deformation under nanoindentation. 
 
Average values of hardness (H) and elastic modulus (E) of HgCdTe and CdZnTe calculated from 
the load-displacement curves are plotted as a function of indentation contact depth in Figures 4.8 
and 4.9, respectively, where horizontal and vertical error bars indicate the respective standard 
deviations of the contact depth and the measured property. It is seen that the values of H and E 
for HgCdTe are almost constant when the contact depth of indentation are between 500 and 1500 
nm. The average values of hardness and elastic modulus of HgCdTe wafers are 0.55 and 39.7 
GPa, respectively. 
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Fig. 4.7 Load-displacement curves of indentations of (a) HgCdTe and (b) CdZnTe under various 
loads 
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Fig. 4.8 (a) Hardness and (b) elastic modulus of HgCdTe plotted as a function of indentation 
contact depth 
 
The results of the nanoindentation tests on CdZnTe are shown in Figure 4.9. It is seen from 
Figure 4.9 that the values of H and E remain almost constant, independent of the contact depth, 
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although the hardness showed an increased trend when the contact depth decreased. Such size 
effect in hardness should be attributed to the measurement inaccuracy in the determination of the 
contact area as both hardness and elastic modulus of a material should be independent on the 
contact depth (or the indentation load). The average values of hardness and elastic modulus of 
CdZnTe are thus taken to be 0.76 and 39.4 GPa, respectively. 
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Fig. 4.9 (a) Hardness and (b) elastic modulus of CdZnTe plotted as a function of indentation 
contact depth 
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It is well known that the maximum contact depth used for testing should be smaller than 10% of 
the specimen thickness to avoid the effect of substrate. In this study, the thickness of HgCdTe 
and CdZnTe wafers used were 500 m, and the maximum depth used were below 1.25 m. 
Therefore, the substrate effect was negligible. The H and E values obtained in this work were 
also in reasonably good agreement with those of the Hg0.70Cd0.30Te and CdZnTe specimens 
reported previously [18].  
 
4.2 Mechanical properties obtained from the microindentation tests 
For measuring the fracture toughness of a material using the indentation method, cracks must be 
generated on the indented surface. As no fracture or crack was generated during the 
nanoindentation tests, a much greater load might be required. Therefore, we aimed to use the 
microindentation method to estimate the fracture toughness of the two soft-brittle materials [108, 
136, 143, 144]. As this was never done on HgCdTe and CdZnTe previously, it is essential to 
make sure that the conditions for indentation toughness testing are met for those soft-brittle 
materials. For this purpose, we first investigated the cracking characteristics of HgCdTe and 
CdZnTe under microindentation. 
 
4.2.1. Surface characteristics of micro-indents 
Figure 4.10 shows the typical micro-indents with cracking being generated on HgCdTe using 
micro-indentation with two different loads of 2000 and 3000 mN. Usually for a homogeneous 
material, cracks should be initiated at the four corners of the indentation impression, as stress is 
concentrated at those locations. However, for HgCdTe, as shown in Figure 4.10(a), only one 
crack was generated at the near top corner at the load of 2 N (as indicated by the red arrow).  At 
3 N, three cracks were generated and the cracks are not right at the corners of the indentation 
impression, as shown in Figure 4.10(b). It can also be seen that some smaller cracks are at the 
centre of the indentation impression. 
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Fig. 4.10 SEM micrographs of the indentation impressions made on HgCdTe under loads of (a) 
2000 and (b) 3000 mN. Red arrows indicate the major cracks 
 
Figure 4.11 shows the indentation impression made on CdZnTe at two different loads of 2 and 3 
N too. Similar to HgCdTe, the cracks are not right at the corners, but are close to the corner tip of 
the impression. The possible reason for this could be attributed to the uneven worn of the 
Vickers indenter, so under impression the pattern of stress distribution might be slightly varied, 
i.e. the highest concentration location could be slightly shifted. 
 
 
(b) 
(a) 
20 m 
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Fig. 4.11 SEM micrographs of the indentation impressions made on CdZnTe under loads of (a) 
2000 and (b) 3000 mN. Red arrows indicate the major cracks 
 
 
As mentioned earlier, micro fractures were also observed inside the indentation impression. 
Figures 4.12 and 4.13 are the respective magnified SEM images of Figures 4.10 and 4.11, 
respectively. It is clearly seen that those fractures have much small scale than those major cracks 
and are randomly oriented. Their effect on subsurface appears to be superficial.  
  
(b) 
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Fig. 4.12 Magnified images of the SEM micrographs in Figure 4.10, (a) at 2 N and (b) at 3 N 
(b) 
(a) 
10 m 
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Fig. 4.13 Magnified images of the SEM micrographs in Figure 4.11, (a) at 2 N and (b) at 3 N 
 
 
Slip lines are also observed surrounding the indented surface on both specimens. Figure 4.14 and 
4.15 show the occurrence of slip lines inside and around the indentation impressions. The 
slipping was occurred inside and around the indentation impression, as shown in Figure 4.14 
(indicated by the red arrows). For CdZnTe slip lines are mainly around the edge of the 
indentation impression, as shown in Figure 4.15.  
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Fig. 4.14 SEM micrographs of the slip lines generated on the HgCdTe indentation impression at 
a load of 5 N, which are indicated by red arrows 
   
  Fig. 4.15 SEM micrographs of the slip lines generated on the CdZnTe indentation impression at 
a load of 5 N, which are indicated by red arrows 
20 m 
 
20 m 
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The crack formation generated by the Vickers microindentation on HgCdTe and CdZnTe is 
considered quite irregular compared to the crack formation other materials such as glass and Si. 
In order to use the crack information for determining the fracture toughness, we had to make sure 
if those cracks being generated are radical. To realise this, focus ion beam (FIB) milling was 
used to cross-section the crack area. Figure 4.16(a) shows a major crack to be cross-sectioned 
and Figure 4.16(b) is the cross-sectional view, demonstrating that the crack propagated deep into 
the subsurface. This clearly shows that the major cracks generated at the corner of the 
indentation impression are radial or median crack. 
 
 
 
  
Figure 4.16 SEM micrographs of (a) a surface crack generated at the load of 2 N and (b) the 
cross-sectional view of the crack underneath the surface. 
20 m 
 
1 m 
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Crack 
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4.2.2. Micro-hardness and fracture toughness 
Figure 4.17 shows the relationship between the contact depth and indentation load obtained from 
the microhardness test. Again, it is important to assure that the indentation depth was less than 
10% of thickness of both HgCdTe and CdZnTe specimens. In the test, the depth at the maximum 
load used in this test for HgCdTe and CdZnTe were 31.5 and 27.3 m, respectively, in 
comparison with the specimen thickness of 500 m. It is seen that the increase in indentation 
load results in the increase in contact depth. The tip penetration is thus deeper on HgCdTe than 
CdZnTe for the same indentation load used. This result is in good agreement with the 
nanoindentation result.  
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Fig. 4.17 The relationship between the indentation depth and indentation load in microhardness 
testing 
 
Figure 4.18 shows that the average values of hardness of HgCdTe and CdZnTe from the 
microindentation test are 0.35 and 0.51 GPa, respectively. In comparison, the same testing on a 
Si wafer specimen was also made. The average hardness of Si is 10.67 GPa, in excellent 
agreement with the microhardness of 10.60 GPa that was reported previously [108]. This 
confirmed that the method used in this study was satisfactory. Nevertheless, it should be noted 
that the average microhardness of HgCdTe and CdZnTe are somehow lower than the respective 
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values of 0.55 and 0.76 GPa measured from the nanoindentation. Considering the cracks and 
micro fractures were generated in the microhardness testing (which should result in the 
inaccuracy in the contact area calculation), the lower hardness value being resulted should be 
rational.  
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Fig. 4.18 Microhardness of HgCdTe, CdZnTe and Si wafers plotted as function of indentation 
load. The dotted line shows hardness values reported previously [108] 
 
Fracture toughness was estimated using the indentation method [108, 136, 143, 144], which 
could be calculated based on the direct measurement of indentation-induced cracks. For the 
toughness calculation, the crack length was measured from the centre of an indentation 
impression to the end of the crack. Figure 4.19 shows the calculated fracture toughness of 
HgCdTe and CdZnTe under various indentation loads. For comparison purpose, the Kc values of 
indented Si were calculated and were also plotted in Figure 4.19. To verify this method, the 
value of Kc of Si wafers from the double torsion and crack calculation methods is also included 
[108, 136, 143], which is presented as dotted line in the figure. 
 
The average Kc value of Si wafer resulted from this method is 0.715 ± 0.069 MPa.m
1/2
, which is 
very close to that and 0.7 MPa.m
1/2
 reported previously [143]. The indentation toughness testing 
apparently produced the result that is in excellent agreement with the double torsion method on 
Si, indicating the indentation method is reliable. The average values of fracture toughness of 
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HgCdTe and CdZnTe are 0.203 ± 0.054 and 0.218 ± 0.108 MPa.m
1/2
, respectively. Figure 4.20 
shows comparison of hardness and fracture toughness of these wafers and other brittle materials, 
which confirm theses wafers soft and brittleness. 
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Fig. 4.19 Values of Kc of HgCdTe, CdZnTe and Si plotted as a function of indentation load. The 
dotted line represents the toughness of Si reported previously [136] 
0
10
20
30
40
50
60
0 1 2 3 4 5 6 7 8
Hardness and K
IC
 of various materials
H
ar
d
n
es
s 
(G
P
a)
Fracture Toughness (MPa.m
1/2
)
B
6
O CBN
SiC
Si
SiN
Al
2
O
3
CZT
MCT
 
Fig. 4.20 Hardness as a function of fracture toughness of some advanced hard-brittle materials, a 
polymer, HgCdTe and CdZnTe 
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4.3. Summary 
In this chapter, the mechanical properties of HgCdTe and CdZnTe wafers were systematically 
investigated using nanoindentation and microindentation under various loads. Nanoindentation 
was used to investigate hardness and elastic modulus of the soft and brittle solids, and the results 
were in good agreement with those published previously. Fracture toughness of HgCdTe and 
CdZnTe wafers was characterised using the indentation toughness approach that is based on the 
direct measurement of cracks induced. The obtained resulted for HgCdTe and CdZnTe are 0.203 
and 0.218 MPa.m
1/2
, respectively. These values are lower than the fracture toughness of other 
brittle materials. 
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Chapter 5 
Deformation and Removal of Soft-
Brittle Solids in Nano-Scratching 
Chapter 5: Deformation and Removal of Soft-Brittle Solids in Nano-Scratching 
Nanoscratch involves the mechanical interaction of a diamond probe and the work materials 
being tested at nanometric scale. During scratching, the material being tested is plastically 
deformed and removed when the scratch load is sufficiently great. Nanoscratch thus simulates 
the deformation and removal process involved in ultra-precision diamond cutting or nano-
grinding. As a consequence, this method has been widely used to understand the removal 
mechanisms of brittle materials as it can demonstrate an individual deformation/removal event in 
a controllable manner [13, 145-152], where scratching forces (lateral and normal), penetration 
depth and scratching length can be measured. 
 
In this chapter, nanoscratch was employed to investigate the deformation and removal 
mechanism of single crystal HgCdTe and CdZnTe. Nanoscratch experiments were performed on 
the Hysitron Triboindenter
®
 using a conical diamond indenter of tip radius of 3 m and apex 
angle of 120
o
. 
 
5.1. Deformation and removal characteristics of single scratches 
Figure 5.1 shows the AFM images of the HgCdTe surface after scratching at normal loads of 
1000, 3000, 4000 and 5000 µN. All the scratches were made from top to bottom, as indicated by 
the grey arrow in Figure 5.1(a). From those figures it can be seen that the material being 
scratched was squeezed sideway, forming the pile-ups, as indicated by the white arrow. The pile-
up material appears like a layered structure. The surface nearby the scratch is rough. Apparently, 
the higher the scratch load used, the greater the pile-up was formed along the scratch. Debris 
caused by scratching can be occasionally seen along the edges of the scratches. No slip lines can 
be observed beyond the pile-up areas in Figure 5.1. 
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 Fig. 5.1 AFM images of the scratch impressions on HgCdTe at normal loads of (a) 1000, (b) 
3000, (c) 4000 and (d) 5000 N; Scratch direction is shown by the blue arrow and the scratching 
speed was 0.5 m/s  
 
The penetration depth of scratching can be obtained from the time histories of displacement 
measured. Figure 5.2 shows the normal displacement of the tip during a scratching process under 
normal loads ranging from 1000 to 5000 N. The displacement information was acquired from 
the scanning/scratching at three different stages: (1) prior to scratching, (2) during scratching and 
(3) after scratching. The scanning was used in the first and third stage, where considerably low-
load was used to just obtaining the surface profile without the penetration of tip into the surface. 
For scratching, the tip penetrated deeper into the specimen to the depth until the maximum 
indent load was reached, and once the normal load was reached, the tip moved horizontally to 
perform scratching. However, on HgCdTe, the penetration depth was not maintained during 
scratching. As shown in Figure 5.2, after the tip started to move horizontally, the penetration 
depth decreased until reaching an equilibrium status. This is because the material was 
(a) (b) 
(c) (d) 
Ripple-effect 
2 m 
2 m 
2 m 
2 m 
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accumulated around the tip, which increased the pressure on the tip. To maintain the same 
normal load (i.e. under the load control mode), the tip had to lift up. A higher normal load used 
led to a longer period for the stabilisation of penetration depth.   
 
From the normal displacement curves shown in Figure 5.2, the elastic recovery of the material 
and the volume of the material being deformed and removed can be calculated if the tip 
geometry is known. The difference between the material volume created during scratching and 
the residual volume represents the volume of the material that was deformed elastically, or was 
recovered when the scratch load was released. The volume between the residual and original 
volumes can be used to determine the amount material that was deformed plastically, or removed 
by the tip movement during scratching. The removal could be from the deformed material being 
pushed to the end of the scratch or pulverized to form multi-layers wall on each side of scratch, 
as shown in Figure 5.1. As shown in Figure 5.2, the amount of the deformed and removed 
material significantly increased with the increased the scratching load. In Figure 5.2(c) there is a 
big jump in normal displacement at the end of scratching. This indicates that the material was 
pushed by the tip to the end of the scratch. The residual surface was rougher than the original 
surface. The surface being scratched was rougher when the scratching load was increased, as 
expected. 
 
Figures 5.3, 5.4 and 5.5 show the scratched profiles for various loads of 1000, 3000 and 5000 
N, and different scratch speeds of 1.0, 1.5 and 2.0 m/s. From those figures, it can be seen that 
higher scratch load resulted in greater elastic recovery and removal volume and the scratching 
speed has little effect on the area of the material being deformed and removed. Apparently from 
the parametric study, it can be concluded that the scratching load is a dominant factor in our 
nanoscratch study. Nevertheless, it should be noted that the scratching speed used in this study 
has a very small range of variation, which is restricted to the speed range of the nano-indenter 
used. The speed used was much lower than that in a practical cutting or grinding process.  
Therefore, the speed effect studied using nanoscratching might not well represent the actual 
cutting and grinding process. 
 
  
78 
 
0
100
200
300
400
500
600
700
800
-4 -2 0 2 4
n
o
rm
al
 d
is
p
la
ce
m
en
t 
(n
m
)
lateral displacement (µm)
original surface residual surface
during scratching
scratch direction
(a)
 
0
100
200
300
400
500
600
700
800
-4 -2 0 2 4
n
o
rm
al
 d
is
p
la
ce
m
en
t 
(n
m
)
lateral displacement (µm)
original surface
residual surface
during scratching
scratch direction
(b)
-200
0
200
400
600
800
1000
-4 -2 0 2 4
n
o
rm
al
 d
is
p
la
ce
m
en
t 
(n
m
)
lateral displacement (µm)
original surface
residual surface
during scratching
scratch direction
(c)
removed material's piling-up
 
Fig. 5.2 Tip traces of the HgCdTe surfaces prior to, during and after scratching at loads of (a) 1000, (b) 
3000 and (c) 5000 N. The scratching speed is 0.5 m/s 
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Fig. 5.3 Tip traces of the HgCdTe surfaces prior to, during and after scratching at scratching speeds of (a) 
1, (b) 1.5 and (c) 2 m/s. The scratching load is 1000 N 
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Fig. 5.4 Tip traces of the HgCdTe surfaces prior to, during and after scratching at scratching speeds of (a) 
1, (b) 1.5 and (c) 2 m/s. The scratching load is 3000 N 
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Fig. 5.5 Tip traces of the HgCdTe surfaces prior to, during and after scratching at scratching speeds of (a) 
1, (b) 1.5 and (c) 2 m/s. The scratching load is 5000 N 
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The coefficients of friction obtained from the scratching of the HgCdTe specimen are plotted as 
a function of lateral displacement in Figure 5.6. Again, the friction coefficient was unstable at 
the initial phase of scratching, owing to the upward move of the tip (see Figures 5.2 to 5.5). The 
coefficient became stable after 2 or 3 m of travelling. It is clear that the higher the normal load 
applied, the greater the friction coefficient resulted in. However, the friction coefficient for the 
scratching at the load of 5000 N was not significantly higher than that at 4000 N. 
 
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
-4 -2 0 2 4
HgCdTe - 1000 - 5000 N - 0.5 m/s (friction coef)
co
ef
fi
ci
en
t 
o
f 
fr
ic
ti
o
n
 (
F
L
 /
 F
N
)
lateral displacement (µm)
scratch direction
1000 N
3000 N
4000 N
5000 N
 
 
Fig. 5.6 Friction coefficients of HgCdTe under various scratch loads 
 
 
Figure 5.7 shows AFM images of CdZnTe after scratching at normal loads of 1000, 3000, 4000 
and 5000 µN. The scratching speed was 0.5 µm/s and the scratching direction is indicated by the 
grey arrow in Figure 5.1(a). The scratch impressions of the CdZnTe specimen are slightly 
smaller in size than the respective scratches on the HgCdTe specimen. Nevertheless, the features 
of scratches on the CdZnTe specimen are similar to that on the HgCdTe specimen. Debris from 
scratching can be seen nearby scratches and the pile-up material appeared to be severely pushed 
sideway, which formed a multi-layered structure in the pile-ups. Those multi-layers can be seen 
clearly alongside the scratch impressions made at all loads used in this study. It should be noted 
that slightly different from the scratching on HgCdTe the material being pushed to the end of the 
scratch was not significant. Slip lines are observed on the scratched CdZnTe surfaces when the 
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scratch load was equal or greater than 3000 N, as shown in Figures 5.7(b) to (d). The slip lines 
are on the side of the scratch impressions, just around the layered pile-ups. This is in contrast to 
those made on the HgCdTe specimen shown in Figure 5.1, where no slip lines were observed for 
all loads used. However, no crack can be observed in all the cases in Figure 5.7. 
 
 
       
  
 
Fig. 5.7 AFM images of the scratch impressions on CdZnTe at normal loads of (a) 1000, (b) 
3000, (c) 4000 and (d) 5000 N; Scratch direction is shown by the blue arrow and the scratching 
speed was 0.5 µm/s 
 
 
The penetration depths of the scratched surfaces shown in the Figure 5.7 were extracted from the 
time histories of the scratching displacements being measured. As discussed previously, the 
displacements were obtained from the scanning prior to scratching, the scratching and the 
scanning after scratching. As shown in Figure 5.8, the tip penetration was deeper at the initial 
(a) (b) 
(c) (d) 
Slip planes 
2 m 
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stage of scratching, but was decreased to reach an equilibrium point where the displacement 
became relatively constant. 
 
Figure 5.8 shows the surface profiles of the scratches made at normal loads ranging from 1000 to 
5000 N, with a constant scratching speed of 0.5 m/s. The scratching direction is shown by the 
arrows. The elastic recovery of material and the removed material due to scratching were 
calculated based on the tip geometry in penetration depth. The amount of material removal was 
thus related to the difference in penetration depth between the residual and the original lines. In 
fact, in the case of scratching the material removal included the material being pushed over to the 
end of the scratch by the tip, and the materials being pushed sideway along the scratch. Although 
the later might be experienced only plastic deformation, it was considered as part of the material 
removal in this study. The profiles are similar to those in Figure 5.2, however, compare to 
HgCdTe, the upward movement of the tip at the beginning of scratching was smaller.  It is also 
seen from Figure 5.8 that the increase in applied normal load led to the increase in the volume of 
the removed material. The sudden increase in normal displacement that can be observed in 
Figure 5.8(c) indicates that at relatively large load the accumulation of removed material at the 
end of scratching is still apparent.  
 
Figures 5.9, 5.10 and 5.11 show the surface profiles of scratches made at various normal loads of 
1000, 3000 and 5000 N with different scratching speed of 1.0, 1.5 and 2.0 m/s. It is clear that 
for all the scratches the tip penetrated deeper at the beginning of scratching, then slightly moved 
upwards until the equilibrium depth was reached. Again, the increase in normal load resulted in 
an increase in material removal, and the effect of the scratching speed was insignificant. The 
removed material being squeezed at the end of scratching was prominent at the load of 5000 N, 
as shown in Figures 5.11(a-c).  
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Fig. 5.8 Tip traces of the CdZnTe surfaces prior to, during and after scratching at loads of (a) 1000, (b) 
3000 and (c) 5000 N. The scratching speed is 0.5 m/s 
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Fig. 5.9 Tip traces of the CdZnTe surfaces prior to, during and after scratching at scratching speeds of (a) 
1, (b) 1.5 and (c) 2 m/s. The scratching load is 1000 N 
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Fig. 5.10 Tip traces of the CdZnTe surfaces prior to, during and after scratching at scratching speeds of 
(a) 1, (b) 1.5 and (c) 2 m/s. The scratching load is 3000 N 
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Fig. 5.11 Tip traces of the CdZnTe surfaces prior to, during and after scratching at scratching speeds of 
(a) 1, (b) 1.5 and (c) 2 m/s. The scratching load is 5000 N 
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Figure 5.12 shows the coefficient of friction for the CdZnTe specimen obtained from the 
scratching tests at various loads ranging from 1000 to 5000 N. Similar to HgCdTe, the friction 
coefficient was unstable at the initial phase of the scratch, which was due to the upward-forward 
movement of the tip, as shown in Figures 5.8 to 5.11. The coefficient remained almost constant 
after stabilisation. The higher the normal load applied, the greater the coefficient was.  
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Fig. 5.12 Friction coefficients of CdZnTe under various scratch loads 
 
 
5.2. Deformation and removal characteristics of parallel scratches 
Figure 5.13 shows typical AFM images of the parallel scratches made on the HgCdTe surface 
with the pitch distance of 1.0 m and scratch load 500 N. The scratch speeds were 0.5, 1.0 and 
2.0 m/s. The scratches appear to be smooth. Some debris of the removed materials can be 
observed on and near the scratches. The multilayered structures are clearly seen on the side wall 
of the each scratch groove, and almost overlapped to each other.  
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Fig. 5.13 3D AFM images of the parallel-scratches on HgCdTe surface made at scratching 
speeds   of (a) 0.5, (b) 1.0 and (c) 2.0 m/s. The scratch load of 500 N and pitch distance of 
1m were used 
(a) 
(b) 
(c) 
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Figure 5.14 shows the cross-sectional profiles of the scratched area, clearly demonstrating that 
the height and width of the parallel scratches are reasonably uniform and the effect of scratching 
speed was limited. 
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Fig. 5.14 Cross-sectional profiles of the parallel-scratches on the HgCdTe specimen shown in 
Figure 5.13 
 
Figure 5.15 shows the AFM images of the scratches made on the HgCdTe specimen using three 
different pitch distances of 0.25, 0.5 and 1.0 m. The scratch load of 500 N and scratch speed 
of 1.0 m/s were used. Figures 5.15(a) and (b) show the scratches made using the pitch distance 
of 0.25 and 0.5 m, respectively, where the scratches appear uniform aligned with a regular 
pattern. After scratched at a pitch distance of 1.0 m, the groove pattern is irregular and more 
debris can be observed on the scratched surface, as shown in Figure 5.15(c).  
 
Figure 5.16(a-c) shows the AFM images of the parallel scratches made at pitch distance of 0.5 
m, using three different scratch loads of 500, and 1000 and 3000 N.  The scratch speed 
remained constant at 0.5 m/s. The surface after scratching with the load of 500 N appears to 
be relatively smooth, with multi-layers wall clearly displayed on the sides of each scratch 
groove. However, when the scratch load was increased to 1000 N, the surface became rougher 
with lumps observed on the scratched surface, as shown in Figure 5.16(b). The size of debris 
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increased and the groove pattern became very irregular when the load was increased to 3000 N. 
The increased size and quantity of the debris with the increased loads was caused by the deeper 
scratches made at the greater scratch load. The debris could reside inside the scratch groove, or 
were pushed to the outside of the scratched area. Apparently the smaller load or smaller pitch 
distance resulted in a smoother surface.  
 
Figure 5.17 shows the typical AFM images of the CdZnTe surface after parallel scratching using 
different scratch speeds of 0.5, 1.0 and 2.0 m/s, while the pitch distance and scratch load were 
kept constant at 1.0 m and 500 N, respectively. All the three scratched surfaces appear to be 
smooth and the groove pattern is regular, though debris can be observed on the scratched surface, 
or along the edge of the scratches.  
 
Figure 5.18 shows the cross-sectional profiles of the scratched area in Figure 5.17. The 
comparison with those of HgCdTe specimen shown in Figure 5.14 clearly demonstrates that the 
parallel scratches made on CdZnTe specimen are more uniformly fabricated. 
 
Figure 5.19 shows the AFM images of the CdZnTe surface after parallel scratching using three 
different pitch distances of 0.25, 0.5 and 1.0 m, where the scratch load and speed were kept 
unchanged at 500 N and 1.0 m/s, respectively. All the three patterns appear regular, but more 
debris were resulted for the pitch distance of 0.5 and 1.0 m. 
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Fig. 5.15 AFM images of the parallel-scratches made on the HgCdTe specimen with pitch 
distances of (a) 0.25, (b) 0.5 and (c) 1.0 m. The scratch load of 500 N and speed of 1 m/s 
were used 
(a) 
(b) 
(c) 1 m 
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Fig. 5.16 AFM images of the parallel-scratches made on the HgCdTe specimen at loads of (a) 
500, (b) 1000 and (c) 3000 N. The pitch distance of 0.5 m and the scratch speed of 0.5 m/s 
were used 
  
(c) 
(a) 
(b) 
1 m 
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Fig. 5.17 3D AFM images of the parallel scratches made on the CdZnTe specimen using scratch 
speeds of (a) 0.5, (b) 1.0 and (c) 2.0 m/s; the pitch distance of 1 m and scratch load of 500 N 
were used 
 
(a) 
(b) 
(c) 
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Fig. 5.18 Cross-sectional profiles of the parallel scratches on the CdZnTe specimen shown in 
Figure 5.17 
 
 
Figure 5.20 shows the effect of scratch load on the surface finish. The scratch loads used varied 
from 500 to 3000 N.  The scratches made at the loads of 500 and 1000 N appear to be 
relatively smooth, with scattered debris resided on the scratch grooves. However, when the 
scratch load was increased to 3000 N, the surface became rougher with apparent big debris 
observed on the scratched surface, as shown in Figure 5.20(c). Both size and quantity increased 
when the load was increased to 3000 N. This trend of increasing size and quantity of debris 
with the increasing load was in agreement with that occurred in the scratching of HgCdTe under 
the same parameters. 
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Fig. 5.19 AFM images of the parallel scratches made on the CdZnTe surface using the different 
pitch distances of (a) 0.25, (b) 0.5 and (c) 1.0 m. The scratch load of 500 N and the scratch 
speed of 1 m/s were used 
(a) 
(b) 
(c) 1 m 
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Fig. 5.20 AFM images of the parallel-scratches made on the CdZnTe surface at loads of (a) 500, 
(b) 1000 and (c) 3000 N. The pitch distance of 0.5 m and the scratch speed of 0.5 m/s were 
used 
 
(a) 
(c) 
(b) 
1 m 
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5.3. Surface roughness 
The surface roughness of parallel-scratched areas was measured using AFM. It should be noted 
that the as-received specimens of HgCdTe and CdZnTe were fine polished and thus have very 
smooth surfaces. The average surface roughness of the HgCdTe and CdZnTe specimens 
measured by the AFM are 5 and 6.5 nm in Ra, respectively. To investigate the effect of scratch 
parameters on the surface roughness, a scratch load of 500 N was used.  
 
Figure 5.21 shows the effect of the scratching parameters, including scratch load, pitch distance 
and scratch speed, on the average surface roughness Ra in the parallel scratching of the HgCdTe 
specimen. It is seen that a greater scratch load, producing a deeper tip penetration, resulted in a 
rougher surface, as shown in Figure 5.21(a).  The increase in surface roughness was greater 
when the load was in the range of from 500 to 1000 N, but became more moderate when 
further increased the load to 3000 N. It is expected that a deeper tip penetration resulted in an 
increase in the removed material that was compacted at the end of each scratch or pushed to form 
the pile-up along the grooves. Figure 5.21(b) shows the effect of pitch distance on the surface 
roughness. The surface remained almost the same when the smaller pitch distances of 0.25 to 0.5 
m were used, and became rougher when the pitch distance was increased to 1.0 m. Figure 
5.21(c) shows the effect of scratch speed on the surface roughness of the scratched surface. In 
general, the roughness of the scratched surfaces was insignificantly affected by the scratch speed 
ranged from 0.5 to 2.0 m/s, though the higher speed seemed to increase the roughness slightly.  
 
Figure 5.22(a) shows the effect of scratch load on the surface roughness of the scratch surfaces. 
Similar to HgCdTe, a greater scratch load led to a deeper tip penetration during scratching of a 
CdZnTe surface, and thus resulted in a rougher surface. The higher load also resulted in the 
increased volume of the deformed and removed materials, as well as the quantity of debris 
resided on and near the scratch area. Figure 5.22(b) shows the surface roughness of the scratched 
CdZnTe surfaces was little affected by the pitch distance used in this study, which was varied 
from 0.25 to 1.0 m. However, using the pitch distance of 0.5 m and higher scratch speeds 
resulted in a better surface finish. 
 
Figure 5.22(c) shows that the surface roughness of the scratched surface was relatively consistent 
at varied scratch velocities ranging from 0.5 to 2.0 m/s. In general, the surface roughness was 
consistently higher when the scratch speed was at 0.5 m/s, for all the pitch distances applied.  
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Fig. 5.21 Surface roughness of the scratched HgCdTe surface is plotted as a function of (a) 
scratch load, (b) pitch distance and (c) scratching speed
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Fig. 5.22 Surface roughness of the scratched CdZnTe surface is plotted as a function of (a) 
scratch load, (b) pitch distance and (c) scratching speed 
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5.4. Removal rate 
The removal rate of a single scratch was calculated using the method that was developed by Qu 
and Truhan [153]. This method was used to determine the amount of the material being removed 
using a conical tip. The area of the cross-section profile of scratched workpiece was calculated 
using the radius of the scratch tip, the width of the scratch impression and the depth of scratch 
for all the load conditions being used. The removal rate was calculated as the ratio of the 
removal volume over the scratch length.  
 
The effect of scratch load and scratching speed on the removal rate of HgCdTe and CdZnTe 
specimens during a single scratching are shown in Figures 5.23 and 5.24, respectively. Both 
figures show that an increase in normal load, hence the scratch depth, results in significant 
increase of removal rate on HgCdTe and CdZnTe, as expected. These figures also show that the 
scratching speed being used in this study has little effect on the removal rate for all the scratch 
loads used, as very small variation of changes is observed when the speed was increased at the 
same scratch load.  
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Fig. 5.23 Removal rate in single-scratching in various scratching speeds is plotted as a function 
of normal load for HgCdTe  
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Fig. 5.24 Removal rate in single-scratching in various scratching speeds is plotted as a function 
of normal load for CdZnTe  
 
 
5.5. Discussion 
The deformation and removal characteristics of HgCdTe and CdZnTe single crystal materials 
were investigated using nanoscratch. The two specimens were tested using the same scratch 
parameters and test conditions. When single scratch was applied to study the two specimens, the 
tip movement during scratching shows a similar scratch profiles, despite of the scratch load and 
speed used. As shown in Figures 5.2 and 5.8, the scratching tip penetrated deeper at the initial 
stage of scratching than the stabilised period. The penetration of the tip with the specimen prior 
to scratching was indeed a nanoindentation process, in which the tip penetrated the specimen to 
the depth where the maximum indent load was reached. When the tip moved horizontally to 
perform scratching, the normal load would exceed the pre-set load as more material was piled up 
around the tip. To maintain the pre-set load, the tip slightly withdrew, i.e. moved upward, until 
reaching a stabilised period. From the results shown in Figures 5.2 and 5.8, it is clear that 
HgCdTe experienced less elastic deformation, while the CdZnTe specimens underwent more 
104 
 
plastic deformation. Also shown in Figures 5.1 and 5.7, the scratched HgCdTe surface was 
rougher than the scratched CdZnTe surface. The CdZnTe grooves appeared to be smoother, 
which should be attributed to less plastic deformation induced and less debris produced during 
removal.  
 
The experiment results demonstrated that the scratch load has significant effects on the 
penetration depth, hence the material removal. Figure 5.25 summarises the effects of the load on 
the residual and scratched depths, as well as the elastic recovery, of bHgCdTe and CdZnTe. The 
scratch depth of the HgCdTe specimen increased slightly when the load increased from 1000 to 
2000 N, also reflected on the depth of elastic recovery. However, when the scratch load was 
above 3000 N, the increase in scratch depth due to the increase of the load was much greater 
than the amount of the material that was recovered, as shown in Figure 5.25(a). Somehow 
different from HgCdTe, the scratch and recovered depths on CdZnTe specimen linearly 
increased with the increased load. 
 
Varied scratching and residual depths, as shown in Figure 5.25, reveals the existence of plastic 
and elastic deformation on these two specimens. During scratching, material can be displaced 
sideway and compressed downward. These types of deformation are due to pressure from the tip 
to the surface of workpiece during scratching. Some of the materials were deformed plastically, 
displaced, and compressed material was then recovered elastically. The later was identified as 
residual surface. Figure 5.26 illustrates the variation between surface during scratching, showing 
depth during scratch (hmax) and after the scratch (hres). The former has a shape as the conical tip 
used during scratching, and the later has a random shape. This recovered material was greater 
when the scratch load was increased, as shown in Figure 5.25. 
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Fig. 5.25 Relationships of the scratch depth and load for (a) HgCdTe and (b) CdZnTe 
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Fig. 5.26 Illustration of recovered material after scratching, where Y axis showing scratch 
direction 
 
The plastically recovered material during cutting or scratching has a significant effect on the 
surface roughness of a machined workpiece, where greater recovered material resulted in 
increasing surface roughness of the workpiece after cutting [154].  The surface roughness results, 
as shown in Figures 5.21(a) and 5.22(a), in parallel scratching experiments have confirmed the 
effect of the scratch load on the recovered material in terms of surface roughness. Increasing the 
scratch load was resulted in rougher surface finished for HgCdTe and CdZnTe specimens. There 
was no distinct difference in surface roughness as the influence of pitch distance when the 
scratch was relatively dense (small distance pitch) as shown in Figures 5.21(b) and 5.22(b). 
Other than when scratches were executed on HgCdTe specimen at a pitch distance of 1.0, a 
significant increase in surface roughness was observed. This is due to significant amount of 
debris and squeeze-out materials were scattered on the HgCdTe surface, as shown in Figure 
5.15(c), to compare to surface condition of the scratched CdZnTe under the same scratching 
parameters, as shown in Figure 5.19(c). 
 
Also seen in Figures 5.23 and 5.24, the removal rate of HgCdTe specimen was notably higher 
than CdZnTe, particularly for the tests with the higher load were employed. As reported in the 
previous chapter, the hardness of HgCdTe and CdZnTe were 0.55 and 0.76 GPa, respectively. 
Since HgCdTe is slightly softer than CdZnTe, it is expected that the scratch tip was penetrated 
deeper on HgCdTe than CdZnTe specimen under the same load. Thus, the material removal was 
more likely to be higher on HgCdTe than CdZnTe. The higher the load used, the deeper the tip 
penetrated, the more severe brittle removal was involved. At the scratch load of 3000 N, the 
removal rate of HgCdTe was closed to 150% of the rate of CdZnTe. Figure 5.27 shows 
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comparison of removal rate between these two specimens. It is seen that a greater scratch load 
resulted in a higher removal rate. The increase in the removal rate for the HgCdTe specimen was 
significantly greater than that for the CdZnTe when load was increased from 1000 to 3000 N, 
and this trend was continued to the load of 5000 N. 
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Fig. 5.27 Removal rate in single-scratching is plotted as a function of scratch load, where the 
scratching speed was 0.5 m/s 
 
 
5.6. Summary 
The results from this chapter are summarized as follows: 
 Nanoscratch experiments were conducted on two soft-brittle materials, HgCdTe and 
CdZnTe. The hardness of these materials were tested and explained in the previous chapter, 
which were 0.55 and 0.76 GPa for HgCdTe and CdZnTe specimens, respectively. The results 
on surface characterization clearly indicate that the HgCdTe specimen experienced less 
elastic deformation, while more plastic deformation occurred on the CdZnTe specimen. The 
scratch impression was better formed on CdZnTe than HgCdTe, though debris and squeeze- 
out materials were visible in both cases. 
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 The friction coefficients of both HgCdTe and CdZnTe were dependent on the applied scratch 
load. The average friction coefficient of HgCdTe varied from 0.46 to 0.65, and the average 
coefficient of CdZnTe was in the range of 0.57 to 0.62. 
 Both materials experienced significant recovery after scratching. During the scratching, the 
tip was able to displace materials sideway and compress downward. The recovery was 
material specific and load dependent. The scratch depth of HgCdTe specimen was increased 
slightly when the load increased from 1000 to 2000 N, so was the recovered depth. When 
the load was increased to 3000 N, the rate of increase in scratch depth was much greater. 
The scratch and recovered depths of CdZnTe was increased linearly with the increased load. 
 In parallel scratching the effect of both pitch distance and scratching speed on the surface 
roughness was insignificant for both specimens. However, the effect of scratching load on 
the surface roughness was apparent. The higher the load applied, the rougher the surface was 
generated. 
 The effect of load on the material removal rate was significant for both HgCdTe and CdZnTe 
specimens. A higher load resulted in a greater removal rate. When the scratch load was 
greater than 1000 N, the removal rate for the HgCdTe was almost 150% of that for the 
CdZnTe. The lower hardness value of HgCdTe was attributed to the difference in removal 
rate between the two specimens. 
 The results summarised above also demonstrated that the nanoscratch method enable us to 
understand clearly the effects of applied load, tip moving speed and pitch distance on the 
material deformation and removal involved in diamond machining. The method is thus of 
practical value for the systematic study of fundamental machining mechanisms, as it is 
simple, reliable and economics.  
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Chapter 6 
Deformation and removal mechanism 
in diamond turning 
Chapter 6: Deformation and removal mechanism in diamond turning 
Our studies on the mechanical properties in Chapter 4 clearly demonstrated that single crystals 
HgCdTe and CdZnTe possess much lower hardness, but at the same time exhibit significantly 
higher fragility compared to the conventional brittle semiconductor material, such as silicon. The 
peculiar behaviours of these soft-brittle solids pose great challenges for the fabrication process 
that involves cutting, grinding, lapping, polishing and chemical mechanical polishing [13, 28]. 
Unfortunately, to date, only few studies have been conducted on the removal characteristics of 
such brittle materials [6, 13, 37, 65, 155], which are less systematic. Despite limited success in 
improving surface quality of soft and brittle substrates, the machining of these specimen remains 
as an ‘art’ with fabrication process typically via ‘trial-and-error’ approach. In Chapter 5, we 
systematically investigated the characteristics of deformation and removal under mechanical 
loading by use of the instrumented nanoscratch. Although nanoscratch provided a close 
simulation to the actual machining environment in diamond cutting or grinding/polishing, some 
factors, such as speed and thermal effects, are not fully taken into account as the nano-indenter 
has limited range of scratching speed. Therefore, in this chapter, the deformation and removal 
characteristics of HgCdTe and CdZnTe wafers were systematically investigated by using a single 
point diamond turning. 
 
6.1. Machined surfaces characteristics 
The machined surfaces of the two different soft-brittle materials were investigated using white-
light interferometer right after cutting. Figure 6.1 shows the surface morphology of the HgCdTe 
specimen, prior to and after cutting. Figure 6.1(a) shows the surface of the as-received specimen, 
which was well polished and is smooth without apparent scratching marks. Figures 6.1(b) and 
6.1(c) show the surfaces after diamond cutting at the depths of cut of 200 and 1500 nm, 
respectively. Both surfaces have of regular cutting streaks, which are commonly observed on the 
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surface of a brittle material being removed in ductile mode. Figure 6.1(d) shows the surface 
generated after cutting using the largest depth of cut of 5000 nm, which appears to have a very 
different surface texture from those in Figures 6.1(b) and (c). The dark spots on Figure 6.1(d) are 
fractured areas being generated during cutting, which are deeper than the average surface height 
and randomly located.  
 
  
  
 
Fig. 6.1 White light interferometer images of the HgCdTe surfaces (a) prior to cutting and after 
cutting at depths of cut of (b) 200, (c) 1500 and (d) 5000 nm 
 
Figure 6.2 shows the surfaces of the CdZnTe specimen before and after cutting. Figure 6.2(a) 
shows the polished surface prior to cutting where some scratch marks are still visible on the 
surface. It is impossible to achieve the scratch-free surface when mechanical polishing was used. 
Figure 6.2(b) shows the surface after cutting with the depth of cut of 100 nm. No regular cutting 
streaks can be observed on the machined surface, which consisted of micro pits or craters. 
Similar features on the machined surfaces using the depths of cut of 2000 and 5000 nm, as 
shown in Figures 6.2 (c) and 6.2(d), where the spot sizes are larger than those in Figure 6.2(b). 
The absence of cutting streaks and the presence of dark spots on CdZnTe specimens in Figure 
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6.2(b), (c) and (d) could be an indication of the brittle-mode removal on this specimen for the 
cutting parameters used. The dark spots became denser and smaller when the depth of cut 
decreased. 
 
  
  
 
Fig. 6.2 White light interferometer images of the CdZnTe surfaces: (a) prior to cutting and after 
cutting at depths of cut of (b) 100, (c) 2000 and (d) 5000 nm 
 
 
The cut surface of HgCdTe and CdZnTe shows different characteristics after single point 
diamond turning. The HgCdTe specimen had cutting streaks when machined with a depth of cut 
of 1500 nm and below, however, the CdZnTe specimen showed no cutting streaks down to the 
depth of cut of 100 nm. Scanning electron microscopy (SEM) was also used to characterize the 
machined surfaces of the two specimens. Figures 6.3(a) and 6.3(b) show the machined surfaces 
of HgCdTe after cutting at the depths of cut of 200 and 1500 nm, respectively, which are 
smooth, without obvious cracks or fractured areas. This is consistent with the results obtained 
from the white light interferometer. Figure 6.3(c) shows the surface after cutting with depth of 
cut of 2000 nm, which is rougher, and has obvious chipping or fractured features.  
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Fig. 6.3 SEM micrographs of the HgCdTe surfaces after cutting at depths of cut of (a) 200, (b) 
1500 and (c) 2000 nm 
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Figures 6.4(a) and (b) further show the magnified images of Figures 6.3(a) and (c), respectively. 
The comparison clearly demonstrated different surface morphologies after cutting using the two 
depths of cut of 200 nm and 2000 nm. The surface cut at 200 nm appears much smoother with 
apparent cutting streaks and is free of crack and fractures. In contrast, the surface cut at 2000 nm 
is clearly rougher, consisting of pits and craters. Some debris at sub-micron level can be seen on 
both surfaces. In Figure 6.4(b), slip lines can be seen on the wall of a crater. 
 
 
 
 
Fig. 6.4 The magnified images of the micrographs in (a) Figure 6.3(a) and (b) Figure 6.3(c) 
 
Figures 6.5(a), (b) and (c) show the typical SEM micrographs of the CdZnTe surfaces after 
cutting at the depths of 100, 2000 and 5000 nm, respectively. All of these machined surfaces 
were rough, which consist of dominantly pits and craters. 
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Fig. 6.5 SEM micrographs of the CdZnTe Surfaces after cutting at depths of cut of (a) 100, (b) 
2000 and (b) 5000 nm 
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Figures 6.6(a) and 6.6(b) show the higher magnification images of SEM micrographs shown in 
Figures 6.5(a) and (c), respectively. These figures demonstrate that the cut surfaces are formed 
by pits and craters that were most likely generated by brittle removal during cutting. For the 
greater depth of cut used, larger and deeper craters were occasionally generated. 
 
 
  
 
Fig. 6.6 The magnified images of the micrographs in (a) Figure 6.5(a) and (b) Figure 6.5(c) 
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6.2. Surface profiles 
Figure 6.7 shows the line profiles of the HgCdTe surfaces before and after cutting. Figure 6.7(a) 
shows the profile taken from the polished surface prior to cutting, which exhibits a smooth line. 
Figures 6.7(b) and 6.7(c) show the profiles of the surfaces generated after cutting using the 
depths of cut of 200 and 1500 nm, respectively. The profiles have slight variation in height, 
similar to the polished surface, which are relatively smooth. The profile curve in Figure 6.7(d) is 
irregular and rugged, indicating that the surface generated with the depth of cut of 5000 nm is 
much rougher, in comparison to those in Figures 6.7(a-c).  
 
Fig. 6.7 Cross-sectional line profiles of the HgCdTe surfaces (a) prior to cutting and after cutting 
at depths of cut of (b) 200, (c) 1500 and (d) 5000 nm 
 
 
Figure 6.8 shows the line profiles of the CdZnTe surfaces shown in Figure 6.2. Figure 6.8(a) 
shows the line-profile of the as-received surface, which is very smooth as the surface was well 
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polished. Figures 6.8(b), (c) and (d) show the line profiles of the cut surfaces at various depths of 
cut of 100, 2000 and 5000 nm, respectively. The profiles are rugged and show irregular pattern. 
The greater the depth of cut, the rougher profile was produced. 
 
Fig. 6.8 Cross-sectional line profiles of the CdZnTe surfaces (a) prior to cutting and after cutting 
at depths of cut of (b) 100, (c) 2000 and (d) 5nm 
 
 
6.3. Cutting chips 
Figure 6.9 shows the SEM micrographs the HgCdTe cutting chips of that was collected after 
cutting with a depth of cut of 200 nm, whose cut surface was shown in Figure 6.3(a), showing a 
relatively smooth surface with visible cutting streaks on it. It is seen in Figure 6.9, the chips are 
thin, which have lamellae structure. The chips appeared to have undertaken uniform shearing 
deformation.  
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Fig. 6.9 SEM micrograph of the HgCdTe cutting chips at the depth of cut of 200 nm 
 
Figure 6.10 shows the SEM micrographs of the chips collected after the cutting of the HgCdTe 
specimen, whose surfaces were shown in Figure 6.3(c). It is seen that chips have various shapes 
and sizes. Most of these chips have sharp edges and corners, as shown in Figure 6.10(a). The 
higher magnification image shown in Figure 6.10(b) reveals that apparent fracture features can 
be observed on the chip surface. Figure 6.10(c) shows a smooth and curvy chip with slip lines on 
this surface. Some of the chips that have significantly large sizes t are at the similar dimensional 
scale to the craters, and a typical example is shown in Figure 6.4(d). The largest chip in Figure 
6.10(d) has a flat and smooth surface with sharp corners and buckled edges, which is an 
indication of removal from the large crater. Sub-micron debris are also visible on its surface. 
 
Figure 6.11 shows the chips collected after the cutting of the CdZnTe specimen shown in Figure 
6.6(a) that was cut at a depth of 200 nm. The chips formed have various sizes and shapes. The 
chips are boulder-like, but with irregular shapes and sharp edges and corners, as shown in 
Figures 6.11(a-c). Figure 6.11(d) shows two chips with fracture lines on their surfaces. The 
CdZnTe chips obviously lack the thin lamellae structure that indicates the ductile removal when 
cut at the smallest depth of 200 nm. 
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Fig. 6.10 SEM micrographs of the HgCdTe chips obtained using depths of cut of 2000 nm, 
showing (a) micro-sized chips, (b) chip with fractured feature, (c) chips with slip lines and (d) a 
large chip of smooth surface 
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Fig. 6.11 SEM micrographs of the CdZnTe chips obtained from the cutting at a depth of 200 nm 
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Figure 6.12 shows the magnified images of the surfaces of a cutting chip shown in Figure 
6.11(c), where shear lines were clearly shown on the surface of the chip (Figure 6.12(a)). Figure 
6.12(b) shows the other side of the chip, where a lot of very small debris resided on the chip 
surface. 
 
 
 
 
Fig. 6.12 SEM micrographs of the magnified chip surface shown in Figure 6.11(c), showing (a) 
slip lines and (b) small debris 
 
6.4. Surface roughness 
Figure 6.13 shows the surface roughness (Ra) values plotted as a function of depth of cut 
obtained from the diamond cutting of the HgCdTe wafer. The dotted line in the figure indicates 
the Ra value of the as-received specimen or the polished surface. As the as-received specimen 
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was well polished, its surface roughness of 6 nm in Ra is smaller than those obtained from the 
diamond cutting. It is also seen in Figure 6.13 that the roughness of HgCdTe slightly increased 
with the increase in depth of cut when the depth of cut was equal to or below 1500 nm. When the 
cutting depth was greater than 2000 nm, Ra dramatically rose to 50 nm. Further increase in depth 
of cut resulted in insignificant variation in Ra values. 
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Fig. 6.13 Surface roughness of the cut surface of HgCdTe plotted as a function of depth of cut 
 
 
Figure 6.14 shows the Ra values of the cut CdZnTe surfaces plotted against the depth of cut too. 
The specimen after polishing has a surface roughness of 7 nm in Ra, as represented by the dotted 
line. The Ra values of the cut surfaces are significantly higher than that of the polished surface (7 
nm) for all the depths of cut used, even though for the smallest cutting depth of 100 nm. The 
increase in depth of cut gradually increased Ra when the depth of cut was smaller than 5000 nm. 
Further increase in depth of cut to 10000 nm produced a much rougher surface. 
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Fig. 6.14 Surface roughness of the cut surface of CdZnTe plotted as a function of cutting depth 
 
6.5. Discussion 
From the surface characteristics of the HgCdTe specimen after cutting, as shown in Figures 6.1, 
6.3, 6.4 and 6.7, as well as the morphology of the cutting chips shown in Figures 6.9 and 6.10, it 
is clear that two types of removal modes existed for the cutting conditions used in this study. In 
the first removal mode smooth surfaces were formed and cutting streaks could be clearly seen on 
the machined surfaces when the depth of cut was relatively small. The cutting chips were 
reasonably uniform in sizes and shapes, and appeared to be formed in a continuous manner. 
These evidences are the clear indication of so called ‘ductile’ removal for brittle materials. The 
lamellae structure of the chips, as shown in Figure 6.9, is slightly different with the continuous 
chips commonly known in a ductile cutting process, which appears to be consisted of a group of 
curled chips that seems to be glued together, as indicated in Figure 6.15. The lamellae structure 
of the ‘ductile’ chips appears to agree with the layered pile-up structure formed during 
scratching, as shown in Figure 5.1. Unfortunately from the scratch testing we were unable to 
completely achieve the removal of materials, thus no chips was actually obtained. Unfortunately 
in the scratching tests, no brittle removal was obtained, most likely due to the sharp tip and the 
insufficient depth of cut used. 
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Fig. 6.15 SEM micrographs of cutting chips of HgCdTe showing chips in lamellae structure and 
continuous nature 
 
Figure 6.16 schematically illustrates our hypothesis of how these ductile lamella chips were 
formed during the diamond cutting. The HgCdTe material being removed from the work 
material formed to a half-circle chip of a radius (r0) due to the effect of shearing, as shown in 
Figure 6.16(a). Further cutting would make this continuous chip rolled into a circle, as shown in 
Figure 6.16(b). The curled chip was broken when a lateral deformation occurred at the contact 
between specimen and the cutting tool and the next curled chip was then developed and pushed 
to stick to the previous one. This process was repeated during cutting and the cohesiveness 
between each curl chip formed a group of curl chips, and hence the lamella structure, as shown 
in Figure 6.16(c). 
 
During the cutting of the HgCdTe when the depth of cut was greater than a threshold value, 
which fell in between 1500 and 2000 nm in this case, the cut surface was rough (see Figure 6.3), 
and no cutting streaks could be observed. The rough surfaces have pits and craters that are 
aligned with cutting direction. The cutting chips became irregular in shape and size, with 
fractured and sharp edges were observed on the surface. These are the typical characteristics of a 
brittle removal where the material is removed mainly by crack propagation or fragmentation 
during cutting. In contrast, the material being removed in ductile mode generated a smooth 
surface with regular cutting grooves.  
500 nm 
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Fig. 6.16 Schematic illustration of the formation of lamella structure chips during cutting of 
HgCdTe (a) the formation of half curled chip, (b) the formation of fully curl chip and (c) the 
formation of group of ‘curl’ chips 
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From the characteristics of the cut CdZnTe surface shown in Figures 6.2, 6.5, 6.6 and 6.8, and 
the morphology of cutting chips shown in Figures 6.11 and 6.12, it can be concluded that the 
removal involved in all the cutting processes with various depths of cut was brittle. Rough 
surfaces were generated under brittle removal mode, which dominantly consists of pits and 
craters, and no apparent of cutting streaks. The cutting chips of CdZnTe exhibit similar forms to 
those brittle chips of HgCdTe, at much larger scale. It’s unfortunate that no ‘ductile’ removal 
was achieved for the cutting conditions used, though the cutting depth of 100 nm was somehow 
below the threshold value for ‘ductile’ removal. And all the deformation and removal 
characteristics obtained from the nanoscratch testing in Chapter 5 were in the ‘ductile’ region. So 
their results are not comparable. Thus, for future study, a much smaller depth of cut should be 
used in order to achieve the so called ‘ductile’ removal. 
 
As clearly shown in Figure 6.13, during single-point diamond cutting of HgCdTe, a threshold 
value in depth of cut existed, below which smooth surface was generated, and above which a 
rather rough surface was formed. The threshold value was in between 1500 and 2000 nm. For the 
cutting of CdZnTe, no threshold value could be clearly observed and the smallest surface 
roughness obtained is 10 times greater than the polished surface. 
 
Previous studies have demonstrated that during machining of brittle materials, there exists a 
critical depth of cut (dc) from the transition of removal from ductile to brittle [71, 73]. This 
critical depth of cut is related to intrinsic properties of a material, including its elastic modulus, 
hardness and fracture toughness, which can be calculated using the Bifano model: 
 
 𝑑𝑐 =  𝛽 (𝐸 𝐻⁄ )(𝐾𝑐 𝐻⁄ )
2, (6.1) 
 
where  is a constant with a value of 0.15, E the elastic modulus, H the hardness and Kc the 
fracture toughness of the work material. The mechanical properties of Hg0.86Cd0.14Te and 
Cd0.96Zn0.04Te specimens were measured and discussed in the Chapter 4. Table 6.1 summarizes 
the mechanical properties of the specimens and the calculated critical depths of cut. 
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Table 6.1 Mechanical properties and calculated critical depth of cut (dc) 
 H (GPa) E (GPa) Kc  (MPa.m
1/2
) dc (m) 
HgCdTe 0.550 39.65 0.199 1.541 
CdZnTe 1.210 39.10 0.215 0.186 
 
The critical depths of cut (dc) for HgCdTe and CdZnTe are 1.541 and 0.186 m, respectively. 
For HgCdTe specimen, this prediction is close to our lower boundary of 1500 nm obtained from 
the diamond turning experiments, as shown in Figure 6.13. This suggests the removal mode 
transition for HgCdTe single crystals was well predicted by the Bifano model. On the other hand, 
with this critical value, the Bifano model can be used to calculate the fracture toughness of 
HgCdTe by using Equation (6.1). The fracture toughness estimated using this inverse calculation 
is in the range of 0.205 to 0.235 MPa.m
1/2 
for HgCdTe, which agrees well with the measured 
value of 0.199 MPa.m
1/2
 in Chapter 4.  
 
Table 6.2 Kc values calculated using dc for HgCdTe 
 H (GPa) E (GPa) Kc  (MPa.m
1/2
) Error (%) 
dc 1.5 m 0.550 39.65 0.205 2.81 
dc 2.0 m 0.550 39.65 0.237 18.72 
 
 
The critical depth of cut (dc) for CdZnTe specimen was 186 nm, as shown in Table 6.1, which is 
much shallower than HgCdTe. The calculated dc is greater than the lowest cutting depth used in 
our single-diamond turning experiments, which was 100 nm. However, observation on the 
machined surfaces and their cutting chips shows that the removal mode for CdZnTe single 
crystals under these cutting depths is mainly in brittle mode. 
 
6.6. Summary 
The experimental results on HgCdTe specimen showed that there existed a threshold value in 
depth of cut for the transition from ductile to brittle removal modes during single point diamond 
cutting. Below this threshold value, ductile removal was prevailed during cutting, which 
produced smooth surfaces close to the as-received polished specimen of surface roughness of 6 
nm in Ra. The cutting chips generated in the ductile removal mode are uniform in shape and size, 
which is continuous. The cutting chips of lamellae structure obtained during the cutting of 
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HgCdTe appear to be consistent with the layered pile-up structures obtained from the 
nanoscratch study. 
 
In contrast, a brittle removal occurred during cutting of HgCdTe when the depth was greater than 
the threshold value, which produced a much rougher surface and the Ra value of the surface is 
almost ten times of that produced by the ductile removal. The cutting chips generated in the 
brittle removal of cutting have irregular shapes and sizes.  
 
The critical depth of cut (dc) below which the material removal transits from brittle to ductile 
mode was calculated using the Bifano model. The value of dc for the cutting of HgCdTe was 
1.541 m, which was in good agreement with the values between 1.5 and 2.0 m obtained from 
the cutting experiments. On the other hand, using the threshold depth of cut from the 
experiments, the fracture toughness estimated by the Bifano model was in the range of 0.205 to 
0.237 MPa.m
1/2
, which is consistent with the indentation fracture toughness of 0.199 MPa.m
1/2
 
that is defined in Chapter 4.  
 
With the cutting conditions used, the removal mode in the cutting of CdZnTe specimens was 
brittle, though the cutting depth of 100 nm was somehow below the threshold value for ‘ductile’ 
removal. The surfaces generated by the cutting were rough with fractured and fragmented 
craters. The cutting chips were mostly bulkier in various shapes and sizes. 
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Chapter 7 
Conclusions and Future Works 
 
Chapter 7: Conclusions and Future Works 
7.1 Conclusions 
Nano-/micro- indentation, nanoscratch and single-point diamond turning methods were used to 
study the deformation and removal mechanisms of soft and brittle solids, including mercury 
cadmium telluride (HgCdTe) and cadmium zinc telluride (CdZnTe). The conclusions drawn 
from the studies are summarized as follows: 
 
7.1.1 Nanoindentation 
The mechanical properties and deformation characteristics of HgCdTe and CdZnTe obtained 
from the nanoindentation and microindentation tests are summarized below. 
 The nanoindentation tests enabled a reliable measurement of the hardness and elastic 
modulus of HgCdTe and CdZnTe single crystals. The average values of hardness and elastic 
modulus are 0.55 and 39.65 GPa for HgCdTe, and are 0.76 and 39.37 GPa for CdZnTe, 
respectively. 
 Average values of fracture toughness (Kc) of HgCdTe and CdZnTe obtained from the 
indentation method are 0.203 ± 0.054 and 0.218 ± 0.108 MPa.m
1/2
, respectively.  
 No crack, or fracture, was observed from the nanoindentation tests, in which the indentation 
load was below 30 mN. Surface fractures and radial cracks were generated during the 
microindentation tests, where the indentation load varied from 2 to 5 N. The FIB 
examination confirmed that major cracks being generated were radical or medium cracks. 
 
7.1.2 Nanoscratch 
The results from the nanoscratch experiments are summarized as follows: 
 The nanoscratch experiments were conducted on the two soft-brittle materials, HgCdTe and 
CdZnTe. The results on surface characterization clearly indicate that the HgCdTe specimen 
experienced less elastic deformation, while the CdZnTe specimen underwent more plastic 
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deformation. During the scratching, both materials were pushed sideway and compressed 
downward. The scratch impression was better formed on the CdZnTe than the HgCdTe, 
though debris and squeeze- out materials were visible in both cases.  
 The friction coefficients of both HgCdTe and CdZnTe were dependent on the applied scratch 
load. The average friction coefficient of HgCdTe varied from 0.46 to 0.65, and the average 
coefficient of CdZnTe was in the range of 0.57 to 0.62. 
 Both materials experienced significant recovery after scratching. During the scratching, the 
tip was able to displace materials sideway and compress downward. The recovery was 
material specific and load dependent. The scratch depth of HgCdTe specimen was increased 
slightly when the load increased from 1000 to 2000 N, so was the recovered depth. When 
the load was increased to 3000 N, the rate of increase in scratch depth was much greater. 
The scratch and recovered depths of CdZnTe was increased linearly with the increased load. 
 In parallel scratching the effect of both pitch distance and scratching speed on the surface 
roughness was insignificant for both materials. However, the effect of scratching load on 
surface roughness was apparent. The higher the load applied, the rougher the surface was 
generated. 
 The effect of scratching load on the material removal rate was significant for both HgCdTe 
and CdZnTe specimens. A higher load resulted in a greater removal rate. When the scratch 
load was greater than 1000 N, the removal rate for the HgCdTe was almost 150% of that for 
the CdZnTe. The lower hardness value of HgCdTe was attributed to the difference in 
removal rate between the two specimens. 
 
7.1.3 Single-point diamond turning (SPDT) 
The results drawn from the diamond cutting of HgCdTe and CdZnTe specimens are summarized 
below. 
 There existed a threshold value of depth of cut, which are ranging from 1.5 to 2.0 m, for the 
transition from ductile to brittle removal modes for the diamond cutting of HgCdTe. 
 The critical depth of cut (dc) below which the material removal transits from brittle to ductile 
mode was also calculated using the Bifano model. The value of dc for the diamond cutting of 
HgCdTe was 1.541 m, which was in good agreement with the values between 1.5 and 2.0 
m obtained from the cutting experiments. 
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 Using the threshold depth of cut obtained from the cutting experiments, the fracture 
toughness estimated by the Bifano model was in the range of 0.205 to 0.237 MPa.m
1/2
, which 
is consistent with the indentation fracture toughness of 0.199 MPa.m
1/2
. 
 The removal mode in the cutting of CdZnTe specimens was brittle, though the cutting depth 
of 100 nm was below the calculated threshold value for ductile removal.  
 
7.2 Future works 
The outcomes of this project clearly indicate that nanoindentation, nanoscratch and single-point 
diamond turning (SPDT) have provided valuable information on the effect of cutting depth the 
material removal and deformation of the soft-brittle HgCdTe and CdZnTe. Nanoindentation and 
microindentation are able to provide valuable information of mechanical properties, such as 
hardness, elastic modulus and fracture toughness, which are critical in investigating materials’ 
deformation and removal.  
 
However, although the nanoscratch closely simulated the kinetic interaction between the 
diamond abrasive grits and the work material involved in an individual cutting event, the 
scratching speed of the diamond tip in the nanoscratch experiments was much slower than that in 
a practical cutting or a grinding process. Therefore, the results obtained from the nanoscratch 
testing were difficult to compare with those from the single diamond cutting. In the future work, 
two sets of experiments may be carried out. One is to use relatively large load and more blunt 
tips in the scratching experiment, so brittle fracture can be generated. The other is to use much 
smaller depth of cut or sharper cutters to obtain the brittle-ductile transition during cutting. This 
would enable to bridge the findings from the instrumented nanoscratch and diamond cutting 
experiments.  
 
To investigate the nanoindentation- or nanoscratch- induced fracture, the distribution of the 
stress component primarily responsible for the operation of fracture process (namely tensile 
stress) should be explored. In the future work, the stress field analysis can be carried out using 
finite element analysis, with allowance for plastic as well as elastic deformation. It is important 
that the distribution of shear and tensile components can be obtained, as they will determine the 
extent of irreversible slip deformation and the subsequent fracture in the crystals. In the stress 
analysis, mechanical anisotropy is another important factor to be considered, particularly in the 
indentation of single HgCdTe and CdZnTe crystals. 
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In the cutting of CdZnTe, though the depth of cut below the threshold value for brittle-to-ductile 
transition was used, no ductile removal was achieved. The mechanism behind this is still 
unknown. Future study may need to focus more on the characterization of fracture toughness for 
this material. Ideally, if no clear radial cracks were generated at the corners of an indent, 
alternative methods, such as three-point or four-point bending, should be used. 
 
Also, although both HgCdTe and CdZnTe have similar characteristics, brittle and soft, the 
characteristics of their deformation and removal from the diamond cutting process exhibited to 
be quite different. Pressure-induced phase transitions were observed in CdZnTe crystals. The 
critical hydrostatic pressure value that triggered the transition from zincblende phase to rocksalt 
phase was found to rise with the increased addition of Zn. Whether or not this transformation 
was induced in our cutting experiment and how such transformation in crystalline structure has 
affected the removal mechanism of CdZnTe are unknown. Further investigation could be 
conducted to clarify this and to understand how the crystalline structure will affect the 
deformation under mechanical loading. This may explain why the removal characteristics of 
CdZnTe appear so different from that of HgCdTe.  
 
The study by the use of single diamond cutting was carried out in order to compare the results 
from nanoscratching. Nevertheless, it is unclear if diamond cutting is the most appropriate or 
effective technology for soft and brittle materials. It is well known that for hard-brittle materials, 
ultra-precision grinding (UPG) or nanogrinding (NG) are the most effective approach to achieve 
the required surface integrity. Till now, little has been done on the response of soft-brittle solids, 
such as HgCdTe and CdZnTe wafers, to the grinding process. Thus, systematic studies on these 
materials using UPG or NG should be carried out to get even closer to develop a pragmatic 
machining parameter for these soft-brittle materials. 
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